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I.  INTRODUCTION 


Quantitative  Information  on  the  propagation  efficiency  of  Infrared 
radiation  through  the  earth's  atmosphere  Is  important  for  a  variety  of  current 
and  possible  future  Air  Force  Space  Division  (SD)  missions.  These  include 
remote  sensing,  missile  and  aircraft  detection,  and  the  use  of  infrared  lasers 
In  weapons  and  communication  systems. 

Atmospheric  propagation  of  infrared  radiation  is  most  efficient  at  wave¬ 
lengths  between  3  and  5  pm  and  between  8  and  12  pm,  where  major  atmospheric 
transmission  windows  are  present.  The  wavelength  limits  of  these  windows  are 
defined  primarily  by  strong  absorption  hands  for  atmospheric  water  vapor  and 
carbon  dioxide.  The  predominant  contribution  to  the  attenuation  of  radiation 
within  the  windows,  under  hlgh-vlslblllty  conditions,  results  from  a  weak 
background  absorption  that  is  continuous  with  wavelength  and  Is  associated 
with  water  vapor.  This  continuum  absorption  remains  upon  subtraction  of  the 
absorption  contributions  from  the  weak  water-vapor  lines  located  in  the 
windows.  Although  the  magnitude  of  continuum  absorption  per  unit  length  of 
the  atmosphere  is  small.  It  can  cause  significant  attenuation  of  Infrared 
radiation  for  long  atmospheric  transmission  path  lengths. Accurate  data  on 
the  magnitude  of  the  continuum  absorption  within  the  3-  to  5-pm  and  8-  to 
12-pm  wavelength  regions  under  a  variety  of  possible  atmospheric  conditions 
are  thus  required  to  ensure  the  optimum  design  of  future  Infrared  military 
systems  and  to  better  evaluate  the  performance  of  existing  systems. 

This  report  describes  the  results  of  laboratory  measurements  of  the  weak 
water-continuum  absorption  within  the  8-  to  12-pm  window.  The  measurements 
were  performed  using  mixtures  of  water  vapor  and  air  over  a  range  of  water 
partial  pressures  and  temperatures  that  simulate  those  found  In  the  atmo¬ 
sphere.  The  data  obtained  In  this  program  will  help  to  establish  a  data  base 
from  which  appropriate  models  can  be  developed  to  predict  accurately  water 
continuum  absorption  within  the  8-  to  12-pm  region  under  all  possible  atmo¬ 
spheric  conditions  of  temperature,  water-vapor  and  air  partial  pressure,  and 
transmission  path  length  and  zenith  angle. 
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Most  studies  of  the  8-  to  12- m  water  continuum  absorption  have  been 
performed  in  the  laboratory  with  long-path  absorption  techniques  using 
multipass  spectroscopic  gas  cells. The  inherent  sensitivity  limitations 
of  these  techniques  have  generally  allowed  these  studies  to  be  performed  only 
on  water-vapor— air  mixtures  of  high  relative  humidity  at  room  temperature  or 
above.  Such  conditions,  however,  do  not  represent  the  entire  atmosphere  that 
must  be  traversed  in  certain  space-based  detection  schemes  for  which  atmo¬ 
spheric  temperatures  may  range  from  above  room  temperature  to  -60*C  (213  K).^^ 
For  detection  schemes  Involving  long-slant  transmission  paths  through  the 
atmosphere.  It  may  be  necessary  to  account  for  water  continuum  absorption  at 
temperatures  of  -10 ”C  or  below. 

We  have  used  the  highly  sensitive  phoCoacoustlc  detection  technique  in 
conjunction  with  a  line-tunable  CO2  laser  to  measure  water-vapor  CO2  laser 
absorption  spectra  at  significantly  lower  temperatures  than  employed 
previously.  The  CO2  laser  photoacoustic  detection  technique  has  been  used  to 
accurately  measure  water  continuum  absorption  spectra  within  the  8-  to 
12-1*1  transmission  window. These  measurements,  however,  were  made 
primarily  on  water-vapor — air  mixtures  at  temperatures  above  20*C. 

The  origin  of  the  water  continuum  absorption  within  either  transmission 
window  has  not  been  well  characterized.  Colli sional-broadening  or  water-vapor 
aggregate  (mainly  water  dimer)  mechanisms,  or  both,  have  been  most  frequently 
proposed  to  account  for  water  continuum  absorption  within  the  8-  to  12-)jm 
window.  The  most  thoroughly  developed  colllsional-broadenlng  '  and  water 
dimer  models^^*^^  can  predict  the  proper  magnitude  of  the  8-  to  12-ijm 
continuum  absorption  near  room  temperature.  These  models,  however,  predict 
different  dependences  of  the  continuum  absorption  on  temperature  and  water 
partial  pressure.  Thus,  extension  of  the  continuum  measurements  to  lower 
temperatures  than  previously  studied  and  determination  of  the  continuum's 
water-pressure  dependence  below  room  temperature  should  permit  better 
quantification  of  the  relative  contributions  of  the  colllsional-broadenlng  and 
water  aggregate  mechanisms  to  8-  to  12- m  continuum  absorption.  Knowledge  of 
the  relative  Importance  of  each  of  these  mechanisms,  or  other  possible 
mechanisms, as  a  function  of  temperature,  and  water-vapor — air  partial 
pressure  Is  needed  to  permit  the  continuum-absorption  phenomenon  to  be  modeled 
and  accurately  predicted  under  various  atmospheric  conditions. 
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Section  II  describes  the  contributions  to  the  atmospheric  attenuation  of 
Infrared  radiation  and  reviews  previous  studies  of  the  water-vapor  continuum 
absorption  within  the  8-  to  12- pm  atmospheric  transmission  window.  It  also 
briefly  describes  the  CO2- laser-based  photoacoustic  technique  used  In  the 
present  program.  Section  III  describes  the  experimental  apparatus  and  pro¬ 
cedures  used  to  measure  the  water  continuum  under  various  simulated  atmo¬ 
spheric  conditions.  Section  IV  presents  and  discusses  the  water  continuum 
data  determined  In  this  study.  Conclusions  to  the  study  are  outlined  in 
Section  V. 
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II .  BACKGROUND 


A.  ATMOSPHERIC  ATTENUATION  OF  INFRARED  RADIATION 

The  efficiency  with  which  infrared  radiation  is  transmitted  through  the 
atmosphere  depends  upon  various  properties  of  both  the  radiation  field  (viz., 
wavelength,  spectral  bandwidth,  radiance,  and  coherence)  and  the  propagation 
media  over  the  transmission  path  (viz.,  type,  abundance,  and  distribution  of 
gases,  aerosols,  and  particles,  as  well  as  the  atmospheric  temperature  and 
pressure).  The  atmospheric  attenuation  of  Infrared  radiation  primarily 
results  from  absorption  by  molecular  atmospheric  constituents  and  scattering 
by  aerosols  and  particles.'  Under  normal  atmospheric  conditions  of  high  visi¬ 
bility,  molecular  absorption  makes  a  significantly  greater  contribution  to  the 
attenuation  of  radiation  throughout  the  Infrared  region  (wavelengths  between 
approximately  1  tmi  and  1  mm)  than  does  aerosol  or  particle  scattering.  Atten¬ 
uation  due  to  Rayleigh  scattering  from  molecules  and  scattering  at  locations 
of  turbulence- induced  atmospheric  refractive-index  Inhomogeneities  is  gen¬ 
erally  much  less  important  in  the  infrared  than  molecular  absorption  or  aero¬ 
sol  and  particle  scattering. 

The  magnitude  of  the  attenuation  caused  by  scattering  from  aerosols  and 
particles  is  determined  by  their  number  density,  size  distribution,  and  compo¬ 
sition.  These  factors  are  influenced  by  geographical  locat'on  and  time- 
varying  meteorological  conditions.  The  phenomena  of  scattering  of  Infrared 
radiation  from  aerosols  and  particles,  such  as  found  in  clouds,  fog,  rain,  and 
haze,  have  been  reviewed  by  Zuev.*' 

The  earth's  atmosphere  can  be  divided  into  a  number  of  different  layers 
based  on  its  vertical  temperature  profile  and  other  properties.  Almost  all  of 

the  water  vapor  and  over  three-fourths  of  the  other  atmospheric  gases  are 
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contained  in  the  troposphere.  In  the  troposphere,  the  lowest  layer  of  the 
atmosphere,  average  temperatures  generally  decrease  rapidly  with  Increasing 
altitude  and  convection  mixing  of  gases  occurs.  The  vertical  thickness  of  the 
troposphere  varies  with  latitude  and  season;  it  may  extend  to  18  km  at  tropi¬ 
cal  latitudes  and  to  10  km  at  polar  latitudes.  The  troposphere  is  bounded  by 
the  stratosphere,  which  may  extend  to  altitudes  of  50  km.  Temperatures  in  the 
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stratosphere  are  nominally  constant  vlth  increasing  altitude  to  about  25  km 
but  then  Increase  rapidly  above  25  ktn. 

The  infrared-active  atmospheric  species  present  in  the  greatest  natural 
abundance  and  causing  the  most  Intense  integrated  absorption  over  the 
Infrared-vavelength  region  are  water  vapor  and  carbon  dioxide.  The  wavelength 
regions  of  high  relative  transmittance  in  combined  infrared  spectra  of  these 
compounds  generally  correspond  to  the  wavelength  regions  of  the  atmospheric 
Infrared  transmission  windows,  as  Fig.  1  indicates.  The  integral  absorption 
of  atmospheric  ozone  throughout  the  Infrared  is  much  maker  than  that  of  water 
vapor  or  carbon  dioxide.  However,  ozone  does  possess  some  strong,  sharp 
absorption  lines  between  about  9.4  and  9.8  )m«  The  minor  infrared-active 
constituents  of  the  atmosphere  —  methane,  nitrous  oxide,  carbon  monoxide, 
nitric  oxide,  nitrogen  dioxide,  nitric  acid,  ammonia,  sulfur  dioxide,  and 
partially  deuterated  water  —  contribute  negligibly  to  the  integral  absorption 
of  infrared  radiation  by  the  atmosphere.  However,  their  attenuation 
effects^’^'^  may  have  to  be  considered  for  applications  involving  the  propaga¬ 
tion  or  detection  of  narrow-band  Infrared  radiation  within  the  3-  to  S-pm  and 
8-  to  12-^  atmospheric  transmission  windows.*  Under  clear  atmospheric 
conditions,  water-vapor  continuum  absorption  is  the  most  important  contributor 
to  the  attenuation  of  infrared  radiation  within  these  transmission  windows. 

The  mechanisms  proposed  as  being  responsible  for  this  absorption  are  described 
in  Section  II. D. 

Nitrogen  and  oxygen,  the  major  components  of  the  atmosphere,  are  vibra- 
tlonally  Infrared  inactive  in  their  isolated  molecule  state,  because  they  do 
not  have  permanent  dipole  moments  that  can  couple  their  vibrations  to  a 
radiation  field.  In  the  atmosphere,  however,  Che  fundamental  vibrational 
transitions  in  nitrogen  and  oxygen  (centered  at  4.24  and  6.33  pm, 
respectively)  may  become  very  wakly  allowed  during  nitrogen — oxygen  molecular 
collisions  and  collisions  of  nitrogen  or  oxygen  with  other  atmospheric 


*The  wavelength  centers  of  the  strongest  absorption  bands  in  the  vapor-phase 
infrared  spectra  of  the  minor  atmospheric  constituents  are  methane  (3.31  and 
7.66  )ib),  nitrous  oxide  (4.50,  7.78,  and  16.98  pm),  carbon  monoxide  (4.67  pm), 
nitric  oxide  (5.33  m),  nitrogen  dioxide  (3.44,  6.17,  and  15.43  pm),  nitric 
acid  (2.82,  5.85,  7.51-7.55,  11.38,  and  13.12  pm),  ammonia  (3.00,  6.14,  and 
10.53  ta),  sulfur  dioxide  (7.33,  8.68,  and  19.23  pm),  and  partially  deuterated 
water  (3.68,  7.13,  and  >  12  pm). 
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gases. Consequently,  the  effect  of  a  collision-induced  nitrogen  continuum 
absorption  needs  to  be  considered  for  applications  involving  the  long-path 
transmission  of  3.7-  to  4.7-iid  radiation. The  attenuation  effect  of  the 
corresponding  collision-induced  oxygen  continuum  absorption  near  6  pm,  on  the 
other  hand,  can  be  neglected  relative  to  the  strong  attenuation  produced  by 
water  vapor  in  this  region.  Molecular  oxygen  does  possess  two  weak  absorption 
bands  that  must  be  taken  into  account  for  applications  involving  the  atmo¬ 
spheric  transmission  of  near-infrared  radiation.  These  bands  ere  centered  at 
1.27  UB  and  1.07  «nd  correspond  to  the  0—0  and  0 — 1  vibrational  transi- 

tions,  respectively,  of  the  Oi  a(  A  )-X(  £  )  electronic  absorption  band.^^ 

2  g  g 

B.  CALCULATION  OF  ATMOSPHERIC  ABSORPTION 

To  calculate  accurately  the  long-path  atmospheric  absorption  of  Infrared 
radiation,  information  is  needed  on  the  concentrations  of  the  absorbers  as 
well  as  conditions  of  temperature  and  pressure  over  the  transmission  path. 
Information  is  also  required  on  the  Infrared  spectral  properties  of  these 
absorbers  as  a  function  of  atmospheric  temperature  and  pressure  for  the 
wavelength  region  of  interest. 

Nitrogen,  oxygen,  methane,  and  nitrous  oxide  are  uniformly  mixed  by 
convection  in  the  atmosphere,  so  their  specific  concentrations  can  be 
considered  constant  with  altitude  for  the  bottom  90-km  atmospheric 
layer. Carbon  dioxide  and  carbon  monoxide  can  be  produced  by 
natural  processes  and  by  the  burning  of  fossil  fuels. Uigher-than- 
background  levels  of  these  gases  may  be  present  at  source  locations.  However, 
for  the  purpose  of  atmospheric  transmission  calculations,  their  mixing  ratios 
can  generally  also  be  considered  constant  with  altitude  for  the  bottom  90-km 
portion  of  the  atmosphere. 

Ozone,  nitric  oxide,  nitrogen  dioxide,  nitric  acid,  ammonia,  and  sulfur 
dioxide  are  also  produced  by  natural  processes  and  foasil-fuel  burning.  These 
gases  and  water  vapor,  however,  are  not  uniformly  mixed  in  the  atmosphere,  and 
their  concentrations  may  vary  greatly  with  altitude.  In  addition,  significant 
diurnal,  seasonal,  and  geographical  variations  may  be  observed  in  the  concen¬ 
trations  of  these  gases. 
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Water-vapor  concentrations  vary  greatly  In  the  troposphere.  The  maximum 
concentration  of  water  vapor  at  a  given  altitude  Is  governed  by  the  air 
temperature  at  that  point.  Water-vapor  pressures  above  30  Torr  (1  Torr  - 
0.1333  kPa)  are  possible  near  the  earth's  surface  In  tropical  climates.  The 
allowable  water-vapor  pressures  decrease  rapidly  with  decreasing  temperature. 
Water-vapor  pressures  of  0.1  Torr  or  less  are  observed  In  air  samples  at 
temperatures  near  -40*C,  such  as  found  In  the  colder  regions  of  the  tropo¬ 
sphere  at  altitudes  above  about  8  km. 

When  important  in  atmospheric  transmission  calculations,  the 
transmlaalon-path-dependent  concentrations  of  nonunlformly  mixed  absorbers  are 
established  Independently,  e.g.,  through  radiosonde  measurements,  or  are  pre¬ 
dicted  using  model  concentration  profiles.  Only  small  temporal  and  geograph¬ 
ical  variations  are  observed  In  atmospheric  pressure  In  the  lower  30-km  layer 
of  the  atmosphere.  For  example,  aea-level  pressures  measured  at  various 
global  locations  generally  vary  by  less  then  ±3Z  from  the  average  value  of 
760  Torr.^^  The  same  vertical  atmospheric-pressure  profile  can  always  be  used 
for  various  locations  around  the  world.  Vertical  atmospheric-temperature 
profiles,  however,  vary  with  season  and  geographical  location.  Vertical 
profiles  for  pressure  and  temperature  as  assumed  in  a  standard  model  of  the 
atmosphere  are  listed  In  Table  I  as  a  function  of  altitude  up  to  30  km.^^ 

The  most  useful  Infrared  spectral  parameters  for  accurately  calculating 
the  contributions  of  different  atmospheric  absorbers  are  the  absorber 
vibration-rotation  line-center  frequencies,  lower  state  vibrational-rotational 
energy  levels,  absorption  line  strengths,  air-broadened  line  widths  as  a 
function  of  temperature,  and  line  shapes.  With  the  exception  of  line-shape 
data,  which  are  not  available  for  all  atmospheric  species  In  the  desired 
spectral  regions,  the  Air  Force  Geophysics  Laboratory  (AFCL)  has  compiled  an 
axtanslve  set  of  such  data  on  magnetic  tape  from  hlgh-resolutlon  spectral 
measurements  for  the  atmospheric  species  water  vapor,  oaone,  oxygen,  methane, 
nitrous  oxide,  carbon  monoxide,  carbon  dioxide,  nitric  oxide,  nitrogen 
dioxide,  nitric  acid,  ammonia,  and  sulfur  dioxide. 

Several  highly  useful  computer  codes  have  been  developed  at 

and  alsewhare^^~^^  that  make  use  of  this  AF6L  data  set,  called 
the  Atmospheric  Line  Parameters  Compilation, to  compute  synthetic 
atmospheric  transmission  and  emission  spectra.  AFGL  developed  the  computer 
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TABLE  I.  TEMPERATURE  AND  PRESSURE  AS  A  FUNCTION  OF 
ALTITUDE  IN  ARDC*  MODEL  ATMOSPHERE 


Approximate 
Atmospheric  Saturation 


Altitude 

(km) 

Temperature 

Tk5 —  rc'i 

Pressure 

(Torr) 

Hater  Pressure 
(Torr) 

0 

288.16 

15.01 

760.00 

12.79 

1 

281.66 

8.51 

674.13 

8.30 

2 

275.16 

2.01 

596.31 

5.29 

3 

268.67 

-4.48 

525.95 

3.29 

4 

262.18 

-10.97 

462.49 

2.00 

5 

255.69 

-17.46 

405.39 

0.98 

6 

249.20 

-23.95 

354.16 

0.53 

7 

242.71 

-30.44 

308.31 

0.29 

8 

236.23 

-36.92 

267.41 

0.13 

9 

229.74 

-43.41 

231.02 

0.069 

10 

223.26 

-48.89 

198.76 

0.034 

11 

216.78 

-56.37 

170.26 

0.014 

12 

216.66 

-56.49 

145.51 

0.014 

14 

216.66 

-56.49 

106.29 

0.014 

16 

216.66 

-56.49 

77.65 

0.014 

18 

216.66 

-56.49 

56.74 

0.014 

20 

216.66 

-56.49 

41.47 

0.014 

22 

216.66 

-56.49 

30.32 

0.014 

24 

216.66 

-56.49 

22.17 

0.014 

25 

216.66 

-56.49 

18.96 

0.014 

26 

219.34 

-53,81 

16.23 

0.018 

28 

225.29 

-47.86 

11.96 

0.030 

30 

231.24 

-41.91 

8.89 

0.087 

*llodcl  atmosphere  developed  for  Air  Research  Development  Command  (AROC) 
in  1959  by  Air  Force  Cambridge  Research  Center  (new  Air  Force  Ceophyslcs 
Laboratory). 
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code  HXTRAN  to  calculate  hlgh-reaolution  traaaBiaslon  and  radiance  over 
ataoapherlc  patha.^^  The  original  HITRAN  code  convolved  the  Lorenta  line 
ahape  with  the  aolecular  lines  of  the  different  ataoapherlc  species  to 
calculate  tranaalsslon  by  suaodng  the  absorption  contributions  of  each  line. 
This  code  had  the  disadvantage  of  requiring  large  aaounts  of  computer  tlae  and 
subsequent  runs  for  ealsslon  calculations.  A  newer  HITRAN  code  (FASCOOE) 
convolves  a  Voigt  profile  with  the  aolecular  lines  to  aore  rapidly  calculate 
the  transaisslon  spectra. FASCODE  can  also  siaultaneously  calculate  the 
overall  radiance  of  a  multilayer  path.  In  the  FASCODE  program,  the  atmosphere 
is  represented  by  a  33- layer  model  between  0  and  100  km.  Each  layer- Is 
assuawd  to  be  In  thermal  equilibrium.  The  temperature,  pressure,  and 
concentration  of  water  vapor  and  ozone  In  each  model  layer  are  selected  to 
reflect  their  variations  with  altitude.  The  mixing  ratios  of  nitrogen, 
oxygen,  methane,  nitrous  oxide,  carbon  monoxide,  and  carbon  dioxide  are 
assumed  to  remain  constant  %rlth  altitude.  Altitude  profiles  of  the 
nonunlformly  mixed  gases  can  be  Incorporated  Into  the  code.. 

The  HITRAN  codes  can  be  used  to  calculate  atmospheric  absorption  spectra 
at  any  spectral  resolution.  Because  HITRAN  computation  times  can  become 
excessive  for  low-resolution  applications,  AF6L  developed  the  much  simpler  and 
faster  LOHTRAN  computer  code  with  a  fixed  20  ca'^  spectral  resolution  for 
transmittance  and  radiance  calculations.^^ The  HITRAN  and  LOHTRAN  codes 
currently  cover  wavelengths  longer  than  0.69  m  and  the  range  0.25  to  28.5  pm, 
respectively. 

The  LOHTRAN  calculation  la  similar  to  several  previous  single-parameter 
band  model*  calculations.  LOHTRAN  uses  an  atmospheric  layer  model  similar  to 
that  used  In  HITRAN,  except  that  the  LOHTRAN  calculation  combines  the  sMlec- 
ular  abundance  and  pressure  dependence  of  absorption  and  naglects  the  temper¬ 
ature  dependanca.  The  replacement  of  these  independent  variables  by  a  single 
parameter  results  in  a  reduction  in  the  computational  accuracy  of  the  LOHTRAN 
code  compared  to  the  HITRAN  code.  The  major  limitation  in  the  accuracy  of 
HITRAN  is  due  to  lack  of  adequate  information  concerning  the  ahapes  of  the 


A  band  model  is  an  idealized  mathematical  representation  of  the  frequency 
dependence  and  Intensity  dlstrlbutlon,of  the  vibrational- rotational  spectral 
lines  of  a  molecular  absorption  band.^^ 
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wings  of  Bolecular  absorption  lines  for  various  atmospheric  species,  particu¬ 
larly  water  vapor.  In  those  wavelength  regions  where  absorption  contributions 
from  molecular  lines  are  much  more  Important  than  water-vapor  or  nitrogen 
continuum  absorption  contributions  and  aerosol  attenuation,  HITRAN  can 
provide  transmittance  accuracies  of  ±1  to  2Z  at  20  cm~^  resolution  for  most 
atsmspherlc  paths;  the  faster  LOWTRAN  code  can  generally  provide  transmittance 
accuracies  of  about  A5Z.  Because  the  temperature  dependence  of  molecular  line 
absorption  Is  neglected  In  LOWTRAN  calculations,  larger  uncertainties  may 
exist  In  spectral  regions  near  absorption  lines  having  large  temperature 
dependences. 

In  addition  to  the  absorption  contributions  of  molecular  lines,  the 
contributions  of  aerosol  attenuation  and  continuum  absorption  by  water  vapor 
and  nitrogen  must  be  modeled  trlthln  the  atmospheric  transmission  windows  In 
both  the  HITRAN  and  LOWTRAN  codes.  Because  It  Is  difficult  to  accurately 
model  continuum  absorption  and  aerosol  contributions,  the  largest  uncertain¬ 
ties  In  HITRAN  and  LOWTRAN  calculations  of  transmittance  and  radiance  occur 
within  the  transmission  windows.  In  these  regions,  the  accuracy  of  both  codes 
Is  a  function  of  (1)  the  accuracy  of  the  laboratory  measurements  of  water  and 
nitrogen  continuum  absorption  over  the  range  of  possible  atmospheric  condi¬ 
tions,  and  (2)  how  well  available  aerosol  models  can  be  matched  to  the  actual 
atmospheric  conditions.  Thus,  the  accuracies  with  which  computer  codes  such 
as  HITRAN  and  LOWTRAN  can  calculate  transmittance  and  radiance  In  the  window 
regions  will  Improve  once  reliable  water  and  nitrogen  continuum  data  bases  are 
established  and  Improved  aerosol  models  are  developed. 

C.  CO,  LASER  raOTOACOUSTIC  DETECTION  TECHNIQUE  FOR 

WATER  CONTIWITOM  ABSORPTION  MEASOREMENTS 

Since  the  development  of  the  OO2  laser  In  1964^^  there  has  been  Increas¬ 
ing  Interest  in  accurately  determining  the  etmoepherlc  tranealsslon  properties 
of  its  output,  particularly  at  the  highest  gain  lines,  for  a  number  of  appll- 
cations.  The  CO*  laacr  has  a  spectral  output  of  greater  than  100  dis¬ 
cretely  tunable  lines  between  9.1  and  11.0  and  ether  00,  iaotoplc  species 

*  42 

can  produce  discretely  tunable  output  at  wavelengths  as  long  as  12.0  un, 
therefore,  auch  lasers  are  well  aulted  to  function  as  excitation  sources  for 
the  study  of  water  continuum  absorption  throughout  auch  of  the  8-  to  If-pa 


18 


transmission  vlndov.  For  those  reasons,  CO2  lasers  have  been  used  as  excita¬ 
tion  sources  In  water  absorption  studies  with  conventional  long-path  absorp¬ 
tion  detection  systems^ and  with  photoacoustic  detection  systems. 

The  very  weak  nature  of  the  8-  to  12-)ai  water  continuum  absorption 
requires  highly  sensitive  absorption-measurement  techniques  to  precisely 
determine  Its  magnitude  under  different  laboratory-simulated  atmospheric 
conditions.  The  water  continuum  absorption  coefficient  Is  only  about 
10~^  cm**^  in  the  10- m  wavelength  region  for  air  mixtures  containing  10-Torr 
water  vapor  at  room  temperature.^^'^^  Techniques  capable  of  measuring  absorp- 
tlon  coefficients  of  10  cm  or  smaller  are  required  to  reliably  study  8-  to 
12-ua  water  continuum  contributions  to  atmospheric  attenuation  over  various 
long-slant  atmospheric  transmission  paths. 

Photoacoustic  detection  systems  are  capable  of  measuring  much  smaller 

absorption  coefficients  than  can  be  measured  by  practical  long-path  absorption 
44-48 

detection  systems.  The  sensitivity  of  the  long-path  absorption  technique 

Is  ultimately  Halted  by  the  difficulty  In  measuring  the  small  difference  in 
the  Intensities  of  the  Incident  and  transmitted  light  beams  through  the 
absorber  being  studied.  Measurement  of  absorption  coefficients  on  the  order 
of  10  ”  cm  *  by  the  long-path  absorption  technique  would  require  the  use  of 
S-ka  absorption  path  lengths  If  a  practical  detector  capable  of  measuring 
light  Intensity  differences  down  to  O.SZ  could  be  employed.  A  multipass 
absorption  cell  of  this  type  would  be  large  and  expensive,  and  it  would 
require  lengthy  pump-do%m  and  sample-mixing  procedures. 

The  photoacoustic  technique  Is  Inherently  more  sensitive  than  the  long- 
path  absorption  technique  because  It  can  measure  small  absorption  signals 
against  a  null  background.  Laser  photoacoustic  systems  designed  to  minimise 
photoacoustic  cell  window  absorption  can  measure  absorption  coefficients  of 
10“^®  to  10“®  cm“^.^”*®  Such  detection  sensitivities  can  be  obtained  with 
absorption  path  lengths  of  only  several  centimeters.  This  allows  the  use  of 
small-volume  cells,  enabling  rapid  cell  pump  down  and  sample  mixing.  By  the 
CO2  laser  photoaeoustlc  technique,  the  output  beam  from  a  wsvelength- tunable, 
continuous-wave  (ew)  OO2  laser  is  intensity-modulated  and  passed  through  a 
phottMcoustic  cell  containing  the  gas  sample  whose  absorption  Is  to  be 
measured.  Badlatlon  periodically  absorbed  by  the  species  of  Interest  (In  this 
study,  by  water  molecules)  is  converted  through  collisions  with  nonabsorbing 
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buffer  gas  aolecules  (N2  and  O2)  In  the  cell  into  periodic  increases  in 
thermal  motion  of  the  entire  gas  mixture.  The  result  is  a  periodic  increase 
in  cell  pressure,  which  can  be  sensitively  detected  at  the  precise 
light-modulation  frequency  by  a  microphone  or  other  sensitive  pressure 
transducer,  such  as  a  capacitance  manometer,  in  conjunction  with  a  lock-in 
amplifier. 

D.  PREVIOUS  a-  TO  12-11  WATER  OOMTINODM  ABSORPTIOH  STUDIES 

The  existence  of  a  water-vapor  continuum  absorption  in  the  8-  to  12-iim 
atmospheric  transmission  window  was  first  proposed  by  Elsasser  in  1938.^^ 
Elsasser  attributed  the  continuum  to  contributions  of  the  collislonally 
broadened  extreme  wings  of  strong  absorption  lines  located  in  the  water-vapor 
vibrational-rotational  band  centered  at  6.3  pm  and  in  its  pure  rotational  band 
located  at  wavelengths  longer  than  12  tm.  The  presence  of  such  continuum 
absorption  was  later  confirmed  by  measurements  of  the  attenuation  of  solar 
radiation, artificial  radiation, and  atmospheric  emission, over  long 
horixontal  or  slant  atmospheric  transmission  paths.  These  measurements, 
however,  did  not  allow  an  accurate  determination  of  the  dependence  of  the 
continuum  absorption  on  temperature  and  water-vapor  partial  pressure.  This 
was  due,  in  these  studies,  to  uncertainties  in  the  magnitudes  of  the  latter 
quantities  over  the  transmission  path  and  the  lack  of  accurate  information  on 
the  attenuation  caused  by  such  variable  atmospheric  factors  as  aerosols  and 
clouds. 

To  better  ascertain  the  dependence  of  the  8-  to  12-)jm  water  continuum  on 
temperature  and  water-vapor — air  partial  pressures,  several  groups  have 
measured  continuum  absorption  in  the  laboratory  on  synthetic  water-vapor — air 
mixtures.  These  measurements  have  primarily  been  performed  over  long 
absorption  paths  through  the  use  of  White-type  multipass  absorption  cells  in 
conjunction  with  either  conventional  incoherent  Infrared  sources^*^*^^  or 
Infrared  laser  sources. Recently,  the  CO2  laser  photoacouatic 
tachnlqua  was  amployad  in  the  study  of  the  water  continuum  In  the  8-  to  ll-pm 
region. The  observations  from  these  various  laboratory  studies  are 
outlined  in  Subsection  II.D. 1  below.  In  each  study,  measurements  were 
performed  on  mixtures  of  water  vapor  in  either  nitrogen  or  synthetic  air 
(80Z  M2~-20X  O2)  to  eliminate  absorption  contributions  in  this  spectral  region 
from  carbon  dioxide  in  natural  air.  In  Subsection  II.D. 2,  ws  describe  some  of 
tha  models  davalopad  to  account  for  the  8-  to  12-iia  water  continuum. 


1 .  EXPERIMENTAL  STUDIES  OF  8-  TO  12-m  WATER  CONTINUUM 

In  1969,  McCoy,  Rensch,  and  Long^  reported  the  results  of  a  study  on  the 

dependence  of  water  continuum  absorption  on  water  partial  pressure  at  the  CO2 
laser  9.4-  and  10.4-pm  band  P(20)  lines  (wavelengths  9.553  and  10.591  pm, 
respectively).  These  measurements  were  performed  at  temperatures  of  23  to 
26*C  using  a  multipass  gas  cell  with  a  1-km  path  length.  When  the  cell  was 
filled  with  water  vapor  only,  the  continuum  absorption  dependence  on  water- 
vapor  pressure  was  purely  quadratic.  When  the  cell  was  filled  with  mixtures 
of  water  vapor  and  air  at  total  pressures  of  700  Torr,  the  continuum  had 
dependence  on  water-vapor  pressure  that  included  both  linear  and  quadratic 
terms.  McCoy  et  al.^  attributed  the  continuum  absorption  to  collislonal 
broadening  of  the  far  wings  of  strong  water-absorption  lines  located  on  each 
side  of  the  8-  to  12-pm  window  as  proposed  earlier  by  Elsasser.^^  The  linear 
water-pressure  term  was  associated  with  collislonal  broadening  of  water  lines 
by  air  (foreign  broadening),  whereas  the  quadratic  water-pressure  terra  was 
associated  with  broadening  caused  by  collisions  between  water  molecules  (self- 
broadenlng). 

In  1970,  Blgnell^  reported  the  results  of  water-vapor  absorption  measure¬ 
ments  at  selected  wavelengths  between  8.9  and  20.9  pm.  These  measurements 
were  performed  with  a  grating-spectrometer-equipped,  multipass-absorption  cell 
that  gave  path  lengths  up  to  0.5  km.  A  Nernst  glower  was  the  Infrared  source. 
The  absorption  data  obtained  were  regarded  as  representing  true  water  contin¬ 
uum  absorption,  because  the  wavelengths  used  were  considered  to  be  free  of 
local  water  absorption  lines  and  their  near  wings.  Measurements  were  per¬ 
formed  on  750-Torr  total  pressure  air  mixtures  containing  up  to  26  Torr  of 
water  vapor  at  various  temperatures  between  21  and  45*C.  Only  limited  absorp¬ 
tion  data  could  be  determined  at  wavelengths  between  8  and  12  pm,  owing  to 
sensitivity  llmltstlons  In  the  absorption  measurements.  More  extensive  data 
were  obtained  within  the  17-  to  21-pn  region,  where  the  absorption  was  about 
an  order  of  magnitude  more  Intense  than  the  8-  to  12-pn  absorption.  The 
absorption  attributed  to  the  continuum  In  the  17-  to  21-|im  region  had  a 
noticeable  positive  curvature  from  a  pure  linear  dependence  on  water-vapor 
partial  pressure  and  was  reportsd  to  have  e  negative  temperature  coefficient. 
The  absorption  Increased  In  magnitude  by  about  2Z  for  every  degree -Celsius 
decrease  over  the  21  to  45*C  temperature  range  studied.  The  limited 
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absorption  data  determined  between  8  and  12  m  were  reported  to  have  a 

dependence  on  water-vapor  partial  pressure  and  temperature  similar  to  that  of 

the  17-  to  21- ID  data.  To  explain  his  observations,  Bignell  suggested  that 

two  mechanisms  of  continuum  absorption  may  be  involved.  These  Included 

absorption  contributions  due  to  (1)  foreign  broadening  of  water  lines,  and 

(2)  the  formation  of  water-vapor  dimers.  The  water  dimer  mechanism  had  been 

53 

proposed  previously  by  Varanasi  et  al.  to  account  for  the  continuum 
absorption  observed  between  10  and  17  id  in  high-pressure  (2-5  atm)  and  high- 
temperature  (177-227  *0  steam  samples. 

Burch,  in  1970,^  was  able  to  measure,  SMre  accurately  and  extensively 
than  Bignell,^  absorption  on  water-vapor — nitrogen  mixtures  at  several 
selected  wavelengths  between  8  and  12 .5  id.  To  obtain  his  data,  Burch 
employed  a  Nernat  glower  source  combined  with  a  grating-equipped,  multipass 
absorption  cell  with  a  total  path  length  up  to  1.2  km.  The  temperatures  used 
were  23,  85,  and  115*C.  As  in  the  measurements  of  Bignell,  the  wavelengths 
selected  were  believed  to  correspond  to  regions  where  local  water-line 
absorption  contributions  %rere  negligible  compared  with  continuum  absorption. 
Similar  measurements  were  made  by  Burch  and  coworkers  in  1973^^  and  1974^^  at 
selected  wavelengths  between  12.2  and  30  mo.  A  temperature  coefficient  of 
approximately  -2Z/*C  was  observed  for  the  8-  to  30- )d  continuum  between  23  and 
115*C.  The  magnitude  of  the  continuum  absorption  increased  with  Increasing 
wavelength  between  8  and  30  pm<  An  increase  of  about  a  factor  of  3  was 
observed  between  8  and  12  mo,  and  an  increase  of  over  two  orders  of  magnitude 
was  observed  between  8  and  30  Burch  and  coworkers  Interpreted 

their  water  continuum  absorption  data  in  terms  of  a  mechanism  involving  the 
colllsional  broadening  of  the  far  wings  of  strong  water-absorption  lines. 

They  showed  chat  a  aimple  Lorentzlan  line  shape  for  the  water  lines  could 
not  account  for  the  continuum's  magnitude  and  concluded  that  a  super- 
Lorsntsian  line  shape  with  larger  far-wing  absorption  contributions  must  be 
employed . » 57 

In  1975,  Arafsv  and  coworkars^  reported  the  results  of  OO2  laser  absorp¬ 
tion  meaauramenta  on  pure  water- vapor  sables  at  20  ±  1*C,  using  a  multipass 
absorption  cell  with  a  total  transmission  psth  of  3  km  and  water  pressures  up 
to  17  Torr.  Because  the  CO2  laser  output  occurred  alternately  at  the  10. 4- id 
band  laser  lines  P(16),  P(20),  P(22),  and  P(24),  the  absorption  wavelength  was 
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regarded  as  being  10.60  ±  0.05  in.  They  observed  that  their  20*0  transmission 
data  for  pure-mter  samples  had  a  dependence  on  vater  pressure  that  was  within 
experimental  uncertainty  of  the  quadratic  dependence  observed  earlier  by  McCoy 
et  al.^  at  23  to  26*’C. 

Q 

Arefev  and  Dianov-Klokov’  reported  additional  absorption  measurements 
with  the  long'path  cell  in  1977 .  Measurements  were  performed  on  pure  water- 
vapor  samples  between  11  and  80 ‘C  and  on  760-Torr  total  pressure  water-vapor — 
nitrogen  mixtures  at  20  and  S0*C.  Water  pressures  up  to  20  Torr  were 
employed.  The  absorption  coefficient  at  10.60  ±  0.05  |0  could  be  fit  by  an 
expression  of  the  form 

absorption  (abs.)  - 

where  p_  .  is  the  water  partial  pressure,  p„  is  the  nitrogen  partial 

pressure,  R  is  the  gas  law  constant,  and  T  is  the  temperature  in  degrees 

Kelvin.  The  terms  k2i  a,  and  AH  are  constants  determined  in  the  fit 

[kj^  -  1.86  Torr“^,  k2  ■  0.47  Torr”^,  a  ■  2.3  x  10”^  Torr”^].  Thus,  as  in 
5—7 

previous  studies,  the  absorption  had  both  a  linear  and  a  quadratic 
dependence  on  water  pressure.  Because  AH  was  determined  to  be  -4.5  kcal/mol 
(-18.84  kJ/mol),  the  quadratic  water-pressure  term  was  concluded  to  have  a 
negative  temperature  coefficient  equal  to  the  approximately  -llTC  dependence 
at  room  temperature  and  above  reported  by  Blgnell^  and  Burch  et  al.^*^'^^ 

Q 

Arefev  and  Dlanov-Klokov  attributed  the  continuum  to  absorption  contributions 
due  to  the  formation  of  water-vapor  dimers. 

Shumate  and  coworkers^^  employed  the  CO2  laser  photoacoustic  technique  in 
1976  to  measure  the  absorption  of  synthetic  water-vapor — air  mixtures  at 
27  ±  1*C.  These  measurements  were  performed  at  49  different  CO2  laser  wave¬ 
lengths  from  9.2  to  10.7  la  on  mixtures  containing  S.0-,  10 .0-,  and  15.0-Torr 
mater  vapor.  Aa  observed  in  earlier  studies  by  Burch  et  al.,^*^~^^  the 
magnitude  of  the  continuum  in  this  spectral  region  gradually  increased  with 
Increasing  mavalangth.  This  mas  most  noticeable  for  mater  partial  pressures 
of  10  Torr  or  more.  As  also  observed  in  previous  meter  continuum  studies, 
the  magnitude  of  the  continuum  absorption  within  this  wavelength  region  had  a 
dspsndence  on  water  pressure  thst  could  be  modeled  as  a  sum  of  linear  and 
quadratic  terms.  The  quadratic  dependence  on  water  pressure  was  of  greater 


relative  importance  for  wavelengths  within  the  10.4-yio  band  than  within  the 
laser  9.4-io  band,  and  was  concluded  to  account  for  the  larger  continuum 
absorption  observed  at  longer  wavelengths  when  air  mixtures  containing  partial 
pressures  of  10  Torr  or  more  were  employed. 

In  1978,  Hontgomery^^  reported  the  results  of  measuring  water-vapor 
contlnuiaa  absorption  at  6.313  lo  as  a  function  of  temperature  between  60  and 
200*C.  The  measurements,  on  760-Torr  nitrogen  mixtures  containing  water 
partial  pressures  of  80  Torr  or  more,  were  made  with  a  multipass  cell  whose 
total  path  length  was  40  m.  The  Infrared  source  was  a  lead-tln-telluride 
diode  laser,  which  could  be  tuned  to  the  8.313-)jm  region,  where  absorption 
contributions  from  local  water  lines  were  concluded  to  be  negligible.  His 
continuum  data  overlapped  and  extended  the  27  to  115*C  continuum  data  obtained 
earlier  by  Burch^  in  the  8-  to  12-io  region.  The  water  continuum  absorption 
coefficient  over  the  60  to  200”C  range  studied  deviated  only  slightly  from  a 
purely  quadratic  dependence  on  water  partial  pressure,  as  expected  at  the 
>  80-Torr  water  partial  pressures  employed.  In  the  60  to  11S*C  range,  the 
water  continuum  data  at  8.313  ;id  were  In  good  agreement  with  the  corresponding 
data  obtained  by  Burch. ^  Between  27  and  100‘C,  the  continuum  data  of 
Hontgomery,  like  the  8-  to  12-yn  data  of  Burch,  possessed  a  temperature 
coefficient  of  about  -2!(/*C.  However,  a  nearly  constant  or  very  weak  positive 
temperature  coefficient  was  observed  for  the  continuum  from  ~  100  to  200'*C. 

To  Interpret  the  27  to  200®C  continuum  data  of  Burch^  and  Montgomery , 
Montgomery  suggested  that,  near  room  temperature,  the  water  dimer  contribution 
to  the  continuum  Is  more  Important  than  a  contribution  from  the  collisional- 
broadenlng  of  wings  of  waterlines.  He  hypothesized  that,  with  Increasing 
temperature,  the  dimer  contribution  would  decrease  and  eventually  become 
smaller  than  the  collislonal-broadenlng  contribution..  At  temperatures  above 
approximately  100*C,  the  dimer  mechanism  was  concluded  to  become  of  negligible 
Importance  relative  to  the  collislonal-broadenlng  mechanism.  The  collislonal- 
broadenlng  mechanism  was  thought  to  remain  nearly  Independent  of  temperature 
between  about  100  and  200*C. 

In  1978  and  1979,  Long's  group  extended  their  previous  studies  of  water 
continuum  absorption. Nordstrom  et  al.^^  reported  the  results  of 
pressure-broadened,  room-temperature  (22.S*C)  transmittance  measurements  on 
water-vapor  samples  at  five  wavelengths  within  the  CO2  laser  10.4-)jm  band. 
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Selected  water  partial  pressures  between  6  and  16  Torr  and  the  same  long-path 
absorption  cell  used  earlier  by  McCoy  et  al.^  were  employed  In  these  measure¬ 
ments.  With  the  buffer  gases  pure  nitrogen,  80%  N2 — 20%  O2,  and  60%  N2 — 40% 
O2,  Nordstrom  et  al.^®  found  that  oxygen  Is  a  less  efficient  broadener  of 
water  absorption  lines  than  nitrogen.  The  results  of  this  study  Indicate  that 
the  buffer-gas  mixture  80%  N2 — 20%  O2  should  be  employed  rather  than  pure 
nitrogen  as  a  colllslonal  broadener  In  laboratory  studies  designed  to  model 
atmospheric  transmission. 

More  extensive  pressure-broadened  measurements  of  water-vapor  absorption 
at  CO2  laser  wavelengths  were  reported  by  Peterson  et  al.^^*^^  These  measure¬ 
ments  %iere  performed  as  a  function  of  temperature  and  water  partial  pressure 
with  this  same  long-path  absorption  cell,  as  well  as  with  a  photoacoustic 
detection  system.  Absorption  measurements  were  made  on  mixtures  of  water 
vapor  In  nitrogen  at  a  total  pressure  of  760  Torr  at  27  CO2  laser  wavelengths 
between  9.24  and  10.70  im.  These  measurements  were  performed  In  the  22.5-to- 
24.S*C  temperature  range.  As  In  previous  studies,  the  water  continuum  In  this 
wavelength  region  was  observed  to  Increase  slowly  with  increasing  wave¬ 
length.  Peterson^^  also  studied  the  temperature  dependence  of  the  water 
continuum  absorption  between  16  and  27.6°C  at  the  10.4-pm  band  laser  lines 
P(16)  and  P(20)  when  an  80%  N2— 20%  O2  mixture  was  used  as  the  buffer  gas.  A 
temperature  coefficient  of  approximately  -1.7%/*C  was  observed  for  this 
continuum  at  22*C.  Long's  group  also  Interpreted  their  water  continuum  data 
In  terms  of  a  mechanism  Involving  the  colllslonal  broadening  of  the  far  wings 
of  strong  water-absorption  lines.  A  collislonal-broadenlng  model  developed  by 
Nordstrom  and  Thomas of  Long's  group  Is  outlined  In  the  following 
description  of  water  continuum  models. 

2.  HATER  CONTINUUM  MODELS 

The  water  continuum  absorption  In  the  8-  to  12-|jm  window,  most  often 
explained  In  terms  of  collislonal-broadening^”^'^^^^*^^”^^  and  water-vapor 
dlmer^~^*^^*^  mechanissts,  has  also  been  attributed  by  a  few  researchers  to 
water  aggregates  that  are  much  larger  than  dimers  and  to  various  large 
hydrated-lon  clusters. However,  the  recent  studles^^*^^  discussed  below 
Indicate  that,  compared  with  water  dimer  species,  trlmer  and  higher-order 
water  oligomers  and  various  hydrated-lon  clusters  contribute  negligibly  to 
water  continuum  absorption.  He  will  use  the  term  "water  cluster"  as  a  general 


expression  to  refer  to  water  dloers,  higher-order  water  oligomers,  and 

1  q  20 

hydrated-lon  clusters •  The  most  thoroughly  developed  water-cluster  '  and 

CO  17  ig 

colllslonal-broadenlng  *  *  continuum  models  are  described  here, 

a.  Water-Cluster  Models 

The  hypothesis  that  the  water  dimer  mechanlsm^^ causes  the  8-  to 

12-)im  continuum  absorption  has  been  based  primarily  on  the  dimer  model's 

ability  to  predict  the  negative-temperature  and  pure  quadratic  water-pressure 

dependences  observed  for  the  water  continuum  In  several  of  the  above-described 

to  20 

experimental  studies.  Suck  and  coworkers  *  recently  performed  theoretical 
estimates  of  the  magnitude  of  the  water  continuum  absorption  that  would  be 
produced  in  the  8-  to  12- ub  window  by  the  formation  of  both  homomolecular 
[(R20)q]  and  heteromolecular  [A^(H20)q,  where  Is  a  positive  or  negative 
ion]  water  clusters.  Water  aggregate  models  were  proposed  and  expressions 
derived  to  calculate  (1)  the  partial  pressures  of  water  dimers,  higher-order 
water  oligomers,  and  hydrated-lon  clusters  as  a  function  of  temperature  and 
water  pressure,  and  (2)  the  wavelength  positions,  intensities,  and  spectral 
profiles  of  new  Infrared  absorption  bands  proposed  to  develop  from  the 
formation  of  these  water  clusters. 

Molecular  orbital  calculations^^ and  molecular  beam  microwave  spectro- 
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scoplc  experiments  have  Indicated  that  the  most  energetically  favorable 
equilibrium  structure  of  the  water-vapor  dimer  Is  the  translinear  geometric 
configuration  shown  in  Fig.  2.  Suck  and  coworkers  based  their  dimer  model  on 
this  proposed  structure .  They  calculated  the  equilibrium  concentration  of 
water  dimers  C^g  0^^  as  a 
relationship  C^g^gj^  -  K2C^^^ 

rium  constant  for  water  dimer  formation.  K2  was  calculated  by  the  simple 
statistical  mechanical  theory  of  equilibrium.  This  involved  constructing 
molecular  partition  functions  for  the  water  dimer  and  water  monomer  species. 

K2  was  concluded  to  vary  approximately  with  temperature  by  the  factor 

,  6 

t”'*  exp(-hv^/2kT)  exp(-/H*/FT) 

[1  -  exp(-hVj/kT)] 


function  of  water  concentration  Cg^Q  through  the 


u  n  * 


where  K.  is  the  temperature-dependent  equilib- 
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where  h  is  Planck's  constant,  k  is  Boltzmann’s  constant,  and  the  correspond 
to  the  frequencies  of  the  six  intermolecular  vibrational  inodes  of  the  water 
dimer.  Here  AH®  is  the  water-vapor  dimer  electronic  binding  energy  at  0  K; 

R  is  the  gas  law  constant;  and  T  is  the  temperature  in  K.  On  the  basis  of 
molecular  orbital  calculations,  Suck  and  coworkers chose  the  binding 
energy  to  be  -6.5  kcal/mol. 

Of  the  six  Intermolecular  vibrational  modes  available  to  the  water  dimer, 
the  hlghest-f requency  mode  was  concluded  to  be  the  out-of-plane  bending  mode 
about  the  hydrogen  bond  axis.  The  vibrational -rotational  absorption  band 
associated  with  this  mode  was  calculated  to  be  centered  near  16  pm  and  con¬ 
cluded  to  have  a  Lorentzlan-shaped  intensity  profile  with  a  half-power  band¬ 
width  of  200  cm“^.*  The  integrated  absorption  strength  of  this  band  was 
predicted  numerically.  Molecular  orbital  theory  was  used  to  calculate  the 
square  of  the  dipole~moment  variation  with  respect  to  the  dimer  out-of-plane 
bending  normal  coordinate.  Suck  et  al.^^‘20  estimated,  with  their  dimer 
model,  that  the  high-frequency  tall  of  the  out-of-plane  dimer  absorption  band 
should  produce  water  continuum  absorption  coefficients  of  between 
1  *  10“^  cm“^  and  1.7  x  10"^  cm”^  at  a  wavelength  of  10  pm  for  air  mixtures 
containing  between  4-  and  14-Torr  water  vapor  at  23®C.  These  values  are  In 
reasonable  agreement  with  the  water  continuum  absorption  coefficients  of 
between  about  4  x  10“^  cm“^  and  1 .8  x  10“^  cm~^  obtained  by  Shumate  et  al.^^ 
in  air  mixtures  containing  between  5-  and  15-Torr  water  vapor  at  27 °C.  Suck 
et  al.^^1^®  thus  concluded  that  the  water-vapor  dimer  mechanism  may  be  an 
important  contributor  to  water  continuum  absorption  in  the  8-  to  12-pm  window. 

Suck  and  coworkers  demonstrated  that  the  concentration  of  the  water 
oligomer  (H20}jj  in  a  water-vapor  sample  can  be  expressed  by  the  general 
relationship  C^jj  gj  ■  *^n^H  0’  temperature-dependent 

equilibrium  conslan^  for  foraation  of  (H20)^.  They  estimated  that  at  23 ®C  and 


To  date,  no  direct  spectroscopic  measurements  have  been  made  on  the 
vibrational-rotational  band  contours  of  the  water  dimer  in  the  vapor  phase. 

The  prediction  by  Suck  et  al.^^»^®  that  the  out-of-plane  bending  mode  is 
located  near  16  pm  is  in  agreement  with  calculations  of  other  workers^^  and  is 
within  the  12.5-  to  2S-pm  range  In  %rhlch  hindered  rotational  absorption  bands 
caused  by  dimer  formation  are  observed  in  liquid  water.  The  hindered  rota¬ 
tional  bands  in  liquid  water  are  reported  to  have  200-  to  250-cm~^ 
bandwidths.” 
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Its  water  saturation  pressure  of  21  Torr,  the  dimer-to-oonomer  concentration 
ratio  C2lC\  is  2.4  x  10~^.  Under  the  same  conditions,  the  trimer-to-mononer 
concentration  ratio  C^/C^  was  estimated  to  be  1.9  x  10'^.  The  concentration 
ratios  C^/C]^  for  n  >  3  were  similarly  calculated  to  decrease  by  several  orders 
of  magnitude  for  each  Incremental  Increase  In  cluster  size  n.  Because  the 
computed  integrated  absorption  strengths  Increased  with  Increasing  cluster 
size  at  a  much  slower  rate  than  Cq/Cj^  decreased,  it  was  concluded  that,  unlike 
water  dimers,  trlmers  and  larger  water  clusters  should  not  contribute 
significantly  to  absorption  In  the  8-  to  12-}sb  window. 

Given  typical  Ion  concentrations  In  Che  atmosphere,  the  concentration  of 

hydrated-lon  clusters,  such  as  H30'*' — (H20)q,  were  further  concluded  to  be  less 

than  10~^^  times  the  water  dimer  concentration  In  the  lower  atmosphere  Since 

the  absorption  cross  sections  of  these  ion  clusters  were  calculated  to  not  be 

several  orders  of  magnitude  larger  than  that  of  the  dimer,  these  ion  clusters, 

IQ  OA 

unlike  the  water  dimer,  were  also  concluded  by  Suck  et  al.  *  to  be  unable 
to  account  for  the  observed  magnitude  of  the  8-  to  12- water  continuum 
absorption. 

Figure  3  compares  the  experimental  temperature  dependence  of  the  com¬ 
ponent  of  the  water  continuum  absorption  coefficient  that  Is  quadratic  In 
water  partial  pressure  with  that  predicted  by  the  water-vapor  dimer  mechanism 
and,  as  discussed  in  the  following  section,  by  the  colllsional- broadening 
mechanism.  The  experimental  data  shorn  here  were  determined  by  Burch  et 
ai.^»54,55  jjj  jjjg  g_  jQ  12- van  region  between  about  27  and  100®C  and  by 
Montgomery^^  in  the  8-|in  region  between  60  and  200®C.  The  quadratic  water- 
pressure  component,  which  results  from  either  the  binary  association  of  water 
molecules  to  form  water  dimer  species  or  the  broadening  of  water  absorption 
lines  by  binary  collisions  between  water  stolecules,  or  both,  is  expressed  In 
Fig.  3  in  terms  of  the  so-called  continuum  absorption  self- broadening  coef¬ 
ficient*  used  extensively  In  the  literature.  Although  the  water  dimer 


*The  so-called  self-broadening  coefficient  C^(X,  T),  plotted  versus  temperature 
In  Fig.  3,  Is  most  often  defined  In  the  literature  through  the  relation 

abs.(X,  T)  -  C,(X,  T)w„^q[Pjj^q  +  T(X,  T)(P  -  Pj^^^)) 


[Footnote  continued  on  page  31 . ] 
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•  Comparison  of  experimental  and  predicted  temperature  dependences 
of  the  water-pressure  quadratic  component  of  the  8-  to  12-)im  water 
continuum  absorption.  The  dimer  Intermolecular  frequencies 
predicted  by  Owlckl  et  al.®*  (593,  496,  189,  168,  161,  and  98  cm“^) 
were  assumed  In  the  sK>del  used  here.  The  dimer  model  predicts 

a  C,  value  of  2.0  x  10”^^  moleculcs~|  cm^  atm“*  at  296  K.  This 
value  is  based  m  the  1.7  x  10"^  cm**^  absorption  strength  estimated 
by  Suck  et  al.*^»^®  at  10  m  for  air  mixtures  containing  14-Torr 
water  at  23 *C. 
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mechanism  falls  to  predict  the  observed  positive  temperature  coefficient  above 
about  100”C,  It  predicts  a  negative  temperature  coefficient  that  is  close  to 
the  measured  value  between  room  temperature  and  100 *C. 

b.  Water  Collisional-Broadening  Models 

Clough  and  coworkers^^  and  Nordstrom  and  Thomas^^*^^  have  recently 
employed  molecular  absorption  line-shape  theory  in  an  attempt  to  predict  the 
magnitude  of  the  water  continuum  absorption  throughout  the  infrared  region. 
They  treated  the  water  continuum  as  resulting  entirely  from  absorption  contri¬ 
butions  from  the  collision-broadened  wings  of  strong  absorption  lines  of  water 
molecules.  The  shapes  of  these  wings  (spectral  line  profiles)  were  derived 
by  considering  self-broadening  and  foreign-broadening  collisions.  The  strong 
water  monomer  lines  whose  wing  absorption  contributions  were  summed  by  both 
groups^^*^^  to  calculate  the  continuum  were  (1)  the  pure  rotational  lines  at 
wavelengths  longer  than  12  im  and  centered  at  about  50  un,  (2)  the 
vibrational-rotational  lines  within  the  fundamental  band  (due  to  bending) 
centered  at  6.27  im,  and  (3)  the  vibrational-rotational  lines  within  the 
and  fundamental  bands  (due  to  symmetric  and  asymmetric  stretching)  centered 
at  2.73  and  2.66  m,  respectively.  The  AFGL  absorption-line  listing  for  water 
vapor, compiled  from  previous  extensive  spectroscopic  studies,  was  used  by 
both  groups  to  calculate  the  positions  and  intensities  of  these  strong  water 
lines  for  specified  atmospheric  conditions.  The  models  of  Clough  and  co¬ 
workers  and  Nordstrom  and  Thomas  differ  in  the  way  they  were  developed  and  the 
range  of  atmospheric  conditions  for  which  they  are  applicable. 

To  describe  the  collision-broadened  shapes  of  the  water  lines  in  the  AFGL 

cQ  <:  c 

compilation,  Clough  and  coworkers  employed  the  impact  approximation”'’  and 
the  Van  Vleck  and  Huber  line-shape  formalism. Assigning  the  self- broadened 
water  line  widths  as  five  times  the  foreign-broadened  widths,  they  summed  the 
contributions  from  line  wings  25  cm~^  from  the  center  of  each  line.  In  their 
approximation,  the  calculated  continuum  at  23*C  was  five  times  too  small  at 


Here  aba. (A,  T)  is  the  water  continuum  absorption  coefficient  at  a  particular 
wavelength  and  temperature,  Wu  q  Is  the  density  of  water  vapor  in  molecules 
per  cubic  centimeter,  Pg  q  is  2he  water  partial  pressure  and  P  the  total 
pressure  in  atmospheres , ^and  ^(A,  T)  •  Cf{X,  T)/Cg(A,  T)  is  the  "foreign- 
broadening  to  self-broadening”  coefficient  ratio. 
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wavelengths  longer  Chan  20  m  and  two  times  too  large  at  10  itm.  Tne  wave¬ 
length  dependence  of  Che  continuum  could  be  properly  modeled  by  modifying  the 
impact  theory  Co  include  a  duration  of  collision  time.  Clough  et  al.  did  not 
attempt  to  treat  the  temperature  dependence  of  the  continuum.  However,  they 
suggested  chat  it  should  be  possible  to  account  for  the  observed  negative 
temperature  coefficient  by  including  the  effects  of  Che  Intermolecular  poten¬ 
tial  in  the  collisional-broadenlng  theory. 

To  calculate  Che  magnitude  of  the  water  continuum  absorption  in  the  3-  to 
S-vm  and  8-  to  12-im  transmission  windows  as  a  function  of  water  partial  pres- 
sure,  total  pressure,  and  temperature,  Nordstrom  and  Thomas*  Included  the 
effects  of  Intermolecular  potential  in  their  colllsional-broadening  model. 

They  developed  expressions  for  Che  spectral  line  profiles  through  Che  use  of 
the  binary  collision  and  adiabatic  approximations.  Time  correlation  functions 
for  the  upper  and  lower  transition  energy  levels  of  the  collisionally  per¬ 
turbed  absorbing  molecules  were  described  in  terms  of  colllsional  scattering 
operators.  Rotationally  averaged  dipole-dipole  interactions  were  used  as  the 
Intermolecular  potentials  In  Che  colllsional  scattering  operators  to  model 
collisions  between  water  molecules.  Dipole-quadrupole  Intermolecular  poten¬ 
tials  were  used  to  model  collisions  between  water  and  nitrogen  or  oxygen.  The 
total  line-shape  expressions  were  Chen  obtained  by  taking  the  Inverse  Fourier 
transform  of  Che  time  correlation  functions. 

Nordstrom  and  Thomas  concluded  Chat  the  line-shape  and  correlation  func¬ 
tions  could  be  divided  into  three  regions,  corresponding  to  near-line-center, 
intermediate-wing,  and  far-wing  regions*  Weakly  perturbing  collisions,  such 
as  occur  at  large  impact  parameters,  produced  long-duration  correlation 
functions.  From  Che  time-bandwidth  product  of  Fourier  transform  pairs,  these 
weak  collisions  were  concluded  to  be  primarily  responsible  for  near-line- 
center  behavior.  Strongly  perturbing  collisions,  such  as  occur  at  small 
Impact  parameters,  produced  short-duration  correlation  functions  and  were 
concluded  to  be  primarily  responsible  for  far-wlng  behavior.  They  treated  Che 
weak-colllslon  or  near-llne-center  case  In  the  Impact  (Interruption-broadening) 
approximation^^  and  the  strong-collision  or  fer-wlng  case  In  the  quasi-static 
(statistical-broadening)  approximation,^^  as  has  been  done  In  previous 
theories  of  collision-broadened  line  shapes.  The  In termed iate-wlng  region  Is 
difficult  to  treat  analytically.  Nordstrom  and  Thomas  described  Che 
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Internedlate-wing  line  shape  as  a  linear  combination  of  near-llne-center  and 
far-wlng  line  shapes.  They  used  a  frequency-dependent  weighting  function  to 
Increase  gradually  the  far-wlng  contribution  while  decreasing  the  near-llne- 
center  contribution  as  the  frequency  from  line  center  was  Increased. 

The  far-wlng  components  of  the  total  line-shape  expressions  derived  by 
Nordstrom  end  Thomas^^*^^  each  contained  a  set  of  16  parameters  (four  differ¬ 
ent  types  of  parameters  corresponding  to  each  of  the  four  fundamental  absorp¬ 
tion  bands  of  water).  These  parameters  were  evaluated  from  room-temperature 
water  absorption  data  determined  within  the  wavelength  regions  of  the  funda¬ 
mental  water-absorption  bands. The  12.2-  to  30-pm  grating  spectrometer 
measurements  by  Burch  et  al.^^*^^  were  used  to  obtain  far-wlng  line-shape 
parameters  for  the  pure  rotational  band  of  water  vapor.  The  parameters  for 
the  band  were  determined  from  CO  laser  water  absorption  measurements  by 
Long  et  al.,^^  whereas  the  parameters  for  the  and  bands  were  obtained 

from  HF  laser  water-absorption  measurements  by  White  et  al.^^  The  parameters 
were  determined  by  trial  and  error  by  summing  wing  absorption  contributions 
within  ±1000  cm~^  ranges  from  selected  frequencies  until  a  good  fit  to  the 
absorption  data  was  obtained  In  the  fundamental  band  regions.  Continuum 
absorption  data  In  the  3-  to  5-iin  and  8-  to  12- urn  window  regions  were  not  used 
In  the  determination  of  these  parameters. 

With  the  line-shape  parameter  fit  to  the  absorption  band  regions, 
Nordstrom  and  Thomas  were  able  to  use  their  colllsional-broadenlng  model  to 
predict  the  correct  magnitude  of  the  room-temperature  water-vapor  absorption 
coefficients  at  DF  laser  frequencies  within  the  3-  to  5-ijm  window  and  at  CO2 
laser  frequencies  within  the  8-  to  12-ijm  window.  The  dependence  of  the  magni¬ 
tude  of  the  water  absorption  coefficients  on  water  partial  pressure  can  also 
be  accurately  predicted  at  DF  and  CO2  laser  frequencies  with  this  model.  The 
model  is  also  able  to  predict  a  negative  absorption  coefficient  at  tempera¬ 
tures  below  100*C  and  a  positive  temperature  coefficient  at  higher  tempera¬ 
tures,  as  observed  experimentally  by  Burch  et  al.^  and  Montgomery. However, 
even  though  the  model  can  predict  the  proper  magnitude  of  the  positive 
temperature  coefficient  above  100*C,  Fig.  3  ahows  that  it  significantly 
uodareatimatas  tha  magnitude  of  the  negative  temperature  coefficient  measured 
between  100*0  and  room  temperature.  The  lack  of  agreement  hetween  the 
predicted  and  actual  temperature  dependences  was  attributed  primarily  to 
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limitations  in  the  shapes  of  the  absorption  lines  in  the  pure  rotational  band 
below  12  )o«  The  latter  was  thought  to  be  related  to  approximations  in  the 
interaction  potentials  and  perturbation  expansions  used  in  the  collisional 
scattering  operators.  On  the  basis  of  the  ability  of  their  continuum  model  to 
predict  Che  observed  water-pressure  dependence  and  Co  quallcacively  predict 
Che  poslclve  and  negacive  cemperaCure  dependences  above  and  below  lOO'C, 
raapecclvely,  Nordscrom  and  Thomas concluded  chac  Che  mechanism  of  far¬ 
ming  absorption  contribution  must  be  carefully  considered  before  other 
mechanisms,  such  as  water  dimers,  are  introduced  to  account  for  the  water 
continuum.* 

Figure  3  demonstrates  Chat  the  temperature  dependences  of  the  continuum 

water-pressure  quadratic  component  predicted  by  the  colllsional-broadenlng 

model  of  Nordstrom  and  Thomas^^*^^  and  the  water  dimer  isodel  of  Suck  et 
IQ  20 

al.,  *  described  above,  diverge  significantly  below  room  temperature. 

Thus,  the  belou-room-temperature  water  continuum  absorption  data  determined  in 
this  study  will  permit  further  testing  of  the  predictive  capabilities  of 
these,  or  other,  water  continuum  absorption  models. 


*This  conclusion  has  also  been  reached  by  Burch  and  coworkers, who 
determined  the  ahape  of  the  water  continuum  between  12.2  and  30  |im  in  order  to 
examine  Whether  absorption  maxima  indicative  of  dimer  absorption  bands  could 
be  observed  in  this  wavelength  region.  They  calculated  an  "empirical 
continuum"  between  12.2  and  30  im  by  aubcractlng  theoretical  water  continuum 
self-broadening  coefficients  (predicted  on  the  basis  of  the  AFGL  line  listing 
and  a  almple  Lorentxian  line  shape)  from  their  measured  water  continuum  self¬ 
broadening  coefficients  between  12.2  and  30  pm.  The  resulting  empirical 
continuum  Increased  smoothly  from  12.2  to  30  pm  and  showed  no  evidence  of 
absorption  maxima  In  the  14-  to  20-in  region  that  could  be  attributed  to 
Intermolecular  vibrational  bands  of  vapor-phase  water  dimers.  Burch  et  al. 
concluded  that  the  shape  of  this  empirical  continuum  Indicated  the  need  to  use 
super-Lorentzlan  line  profiles  to  describe  the  self-broadened  shapes  of  water- 
vapor  absorption  linos. 
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III.  EXPERIMENTAL 


We  determined  the  vater-vapor  continuum  absorption  spectra  reported  here 

with  the  CO2  laser  photoacoustic  detection  system  shown  schematically  In 

Fig.  4.  The  excitation  source  for  the  system  was  a  Laakmann  Electro-Optics 

12  16 

Inc.  model  RF-4400D  PZTG  cw  waveguide  C  0^  laser,  which  was  generally  selec¬ 
tively  tuned  over  23  wavelengths  of  Its  10.4')m  band  [R(32)  to  R(10)  and  P(10) 
to  P(30)].  The  line-tunable  laser  output  was  Intensity-modulated  at  13  Hz  by 
a  mechanical  chopper,  focused  to  a  2-  to  3-fflm  beam  diameter,  and  passed 
through  matched,  nonresonant  sample  and  reference  photoacoustic  cells.  The 
photoacoustic  cells  were  connected  to  the  differential  pressure  head  of  a 
capacitance  manometer  that  served  as  the  photoacoustic  system's  pressure 
transducer.  The  sample  cell  was  filled  with  the  water-vapor — air  mixture;  the 
reference  cell  was  filled  with  dry  air.  The  differential  pressure  signal 
detected  between  the  two  cells  by  the  capacitance  manometer  was  measured  at 
the  excltlng-llght-modulatlon  frequency  with  a  lock-ln  amplifier  (PAR  model 
5404).  A  power  meter  (Coherent  model  210)  determined  the  Intensity  of  the 
laser  exciting  light,  and  a  CO2  laser  spectrum  analyzer  (Optical  Engineering 
model  16A)  monitored  Its  wavelength.  The  laser  provided  a  TEMqq  mode  output 
power  of  greater  than  6  W  on  Its  strongest  lines.  The  chopper  average  power 
throughput  was  502  of  the  Incident  power. 

The  photoacoustic  system's  capacitance  manometer  was  an  MKS  Instruments, 
Inc.,  Baratron  type  170  pressure  meter  with  a  10-Torr  full-range  differential 
pressure  head.  Differential  absorption  measurements  were  made  between  the 
matched  photoacoustic  cells  to  minimize  the  effects  of  spurious  absorption  at 
the  cell  windows.  Each  photoacoustic  cell  was  constructed  of  stainless  steel 
and  had  an  optical  path  length  of  14.9  cm  and  a  bore  of  0.99  cm.  The  cells 
were  equipped  with  sine  selenlde  (ZnSe)  windows  mounted  at  Brewster's  angle. 

The  photoacoustic  cells  fit  tightly  into  a  trough  In  an  aluminum  cell- 
holder  block.  The  cell  holder  provided  good  thermal  contact  with  the  cells 
and  kept  the  cell  optical  axes  aligned.  The  cells  were  maintained  at  selected 
fixed  tamperaturas  by  circulating  hcat-cxchange  fluid  from  an  external 
eonatant- temperature  bath  (Meslab  LT50)  through  a  channel  that  extended  the 
length  of  the  cell-holder  block.  The  cell-holder  assembly  was  placed  In  a 
compartment  that  could  be  flushed  with  gaseous  dry  nitrogen,  preventing 
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Fig.  A.  CO2  laser  phocoacoustlc  detection  systen. 


moisture  in  the  ambient  air  from  condensing  on  the  outside  of  the  cell  windows 
during  below-room-temperature  measurements. 

Gas  samples  were  prepared  and  added  to  the  sample  and  reference  photo- 
acoustic  cells  with  a  mercury-free,  greaseless  vacuum  line.  The  responsivlty 
of  the  photoacoustlc  detection  system  was  measured  over  a  several-order-of- 
magnitude  concentration  range  of  ethylene  (as  a  calibration  gas)  in  1-atm 
pressure  of  nitrogen  at  the  CO2  laser  10.4-ifB  band  lines  P(12),  P(14),  P(16}, 
and  P(22).  The  detector  responsivlty  was  calculated  from  ethylene-absorption 
cross  sections  determined  by  us  for  these  CO2  laser  lines.  The  cross 
sections  o(X)  were  determined  by  measuring  the  transmittance  T(X)  of  CO2  laser 
light,  at  each  of  the  desired  wavelengths,  through  a  gas  cell  containing  a 
known  low  pressure  of  etHylene  buffered  with  nitrogen  to  1-atm  total  pressure. 
The  o(X)  were  obtained  by  evaluating  the  relationship  T(X)  >  exp[-o(X)pL] , 
where  p  is  the  ethylene  pressure  (in  atmospheres)  and  L  is  the  cell  path 
length  in  centimeters.  The  absorption  measurements  were  performed  in  a  5-1 
spherical  glass  cell  of  low  surface-to-volume  ratio  (0.28  cm~^)  to  minimize 
ethylene  adsorption  losses  on  the  cell  walls.  The  cell  had  a  path  length  of 
32.0  cm  and  was  equipped  %d.th  ZnSe  Brewster's  angle  windows. 

Water-vapor— air  mixtures  of  known  concentration  were  added  to  the  photo¬ 
acoustic  detection  system  by  first  expanding  the  desired  pressure  of  water 
vapor  into  the  sample  cell  and  then  closing  the  cell.  The  photoacoustlc 
system  capacitance  manometer  was  used  to  measure  the  steady-state  pressure  of 
water  vapor  after  the  sample  sat  in  the  cell  for  several  minutes  while  the 
photoacoustlc  system  was  maintained  at  the  temperature  selected  for  the 
absorption  measurements.  A  synthetic-air  sample  (80%  N2— 20%  O2)  vas  next 
bled  into  the  sample  cell  containing  the  water  vapor  until  the  desired  total 
pressure  of  water  vapor  and  air  was  obtained.  The  water-vapor — air  mixture 
was  then  heated  to  S0”C  and  maintained  at  temperatures  above  ambient  for  2  hr 
or  more  to  ensure  thorough  sample  mixing  before  the  cells  were  cooled  to  the 
desired  temperature.  Finally,  synthetic  air  was  added  to  the  reference  cell 
until  a  pressure  balance  between  both  cells  was  obtained. 

The  ethylene — nitrogen  mixtures  and  synthetic-air  samples  used  to  fill 
the  photoacoustlc  cells  were  prepared  in  a  calibrated  12-1  flask  equipped  with 
a  convection  mixing  loop.  The  oxygen,  nitrogen,  and  synthetic-air  pressures 
were  measured  with  a  O-to-SOO-Torr  Wallace  and  Tiernan  pressure  gauge. 
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Ethylene  pressures  vere  measured  with  an  MKS  Baratron  pressure  gauge  with  a 
77  H-10  pressure  head.  Research-purity  ethylene,  nitrogen  (99.9995%),  oxygen 
(>  99.996%),  and  water  (Baker  AR  Grade  for  HPLC  use)  were  used  throughout  the 
study. 

Two  or  more  spectral  runs  %fere  made  on  different  water-vapor — air 
mixtures  at  each  temperature  and  water-vapor  partial  pressure  for  which  water- 
vapor  CO2  laser  absorption  spectra  %iere  determined.  The  replicate  water-vapor 
spectra  were  in  good  agreement. 


IV.  RESULTS  AND  DISCUSSION 


This  section  presents  and  discusses  the  results  of  measurements  of  water- 
vapor  CO2  laser  absorption  spectra  performed  by  the  CO2  laser  photoacoustic 
technique.  Water-vapor  absorption  data  were  obtained  at  numerous  wavelengths 
within  the  10.4-uii  CO2  laser  band  at  selected  temperatures  as  low  as  -lO^C. 
Section  IV. A  describes  ethylene  absorption  cross-section  measurements  and 
photoacoustic  responslvlty  measurements  on  ethylene — nitrogen  calibration 
mixtures  for  the  purpose  of  placing  the  water  absorption  data  on  an  absolute 
basis.  Section  IV. B  presents  and  discusses  Che  results  of  extensive  measure¬ 
ments  to  determine  Che  dependence  of  water  continuum  absorption  on  temperature 
and  water-vapor  partial  pressure. 

A.  CALIBRATION  OF  ABSOLUTE  MAGNITUDE  OF  WATER-VAPOR  ABSORPTION 
1.  ETHYLENE  ABSORPTION  CROSS-SECTION  MEASUREMENTS 

Photoacoustic  detection  systems  do  not  directly  measure  absolute  absorp¬ 
tion  strengths.  The  responslvlty  of  such  a  system  must  first  be  calibrated 
with  a  reference  gas  for  which  absorption  cross-section  data  are  available. 

Its  highly  structured  CO2  laser  absorption  profile  and  low  adsorptlvlty  on 
cell  walls  make  ethylene  an  Ideal  calibration  gas  for  CO2  laser  photoacoustic 
detection  systems.  Photoacoustic  detector  responslvlty  measurements  are 
typically  made  over  a  several-order-of-magnitude  concentration  range  of 
ethylene  in  nitrogen  or  synthetic  air  at  selected  CO2  lines.  The  accurate 
application  of  this  approach  requires  that  the  ethylene-absorption  cross 
sections  be  accurately  known  at  these  CO2  laser  wavelengths. 

Several  groups  of  workers  have  measured  ethylene-absorption  cross 
sections  at  rnany^®’^^  or,  in  some  cases, Just  a  few  CO2  laser  wavelengths. 
The  largest  absorption  cross  section  occurs  at  the  CO2  laser  lO.A-pm  band 
P(14)  line  on  account  of  its  wavelength  proximity  to  the  Q-branch  of  the 

7*1 

ethylene  out-of-plane  bending  mode.  The  ethylene  absorption  signal 

can  be  easily  recognized  through  the  use  of  this  laser  line  together  with  a 
few  nearby  lines  where  ethylene  cross  sections  are  a  factor  of  6  or  more 

smaller. 

In  this  study,  photoacoustic  responslvlty  measurements  were  carried  out 
at  the  CO2  laser  10.4-;m  band  lines  P(12),  P(14),  P(16),  end  P(22).  To  obtain 
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another  Independent  determination  of  the  absorption  cross  sections  at  these 

lines,  transmission  measurements  were  made  through  ethylene — nitrogen  mixtures 

in  a  32  .0-cm-path- length  cell  (see  Section  III)  at  a  total  pressure  of  760 

Torr  and  at  room  temperature  (2A‘’C).  The  cross-section  data  obtained  as  a 

function  of  ethylene  partial  pressure  are  shown  In  Fig.  5.  The  ethylene- 

absorption  cross  sections  at  the  P(12),  P(16),  and  P(22)  laser  lines  increase 

by  lOZ  or  less  as  the  ethylene  pressure  Is  decreased  over  the  ~  5.5-  to  0.5- 

Torr  range.  The  absorption  cross  sections  in  the  limit  of  low  (l.e.,  <0.1 

Torr)  ethylene  pressure  at  these  lines  are  5.06,  6.15,  and  1.95  cm~^  atm~^ , 

respectively.  The  ethylene-absorption  cross  section  at  the  P(14)  line,  on  the 

other  hand,  is  independent  of  ethylene  pressure  over  the  0.306-  to  3.08-Torr 

range  studied.  The  cross  section  at  the  P(14)  line,  furthermore,  remained 

constant  (at  34.76  ±  0.27  cm~^  atm”^)  for  12  measurements  over  an  approx- 

_2 

imately  5-  to  50-W  cm  laser  irradiance  range  (beam  diameter  ~  2  mm) . 

The  constancy  of  the  P(14)  line  cross  section  with  irradiance  indicates 
that  ethylene-absorption  saturation  effects  are  unimportant  at  the  laser  lines 
employed  in  the  cross-section  measurements  for  irradlances  below  50  W  cm  . 

The  photoacoustic  system  responsivity  measurements  described  below  were 
performed  at  laser  irradlances  below  50  W  cm  . 

The  ethylene-absorption  cross-section  data  determined  here  are  compared 
in  Table  II  with  similar  data  determined  by  other  groups  on  ethylene — air 

mixtures  maintained  at  760-Torr  total  pressure  and  room  temperature.  Christy 

72  —1  —1 

and  Faller  obtained  an  absorption  cross  section  of  35  cm  atm  for 

ethylene  at  the  CO2  laser  I0.4-un  band  P(14)  line  by  performing  transmission 

measurements  through  dilute  ethylene — air  mixtures.  Patty  and  coworkers^® 

obtained  cross  sections  of  4.35,  29.10,  4.55,  and  1.09  cm~^  atm~^  at  the 

10.4-id  band  laser  lines  P(12),  P(14),  P(16),  and  P(22),  respectively.  They 

measured  transmission  through  ethylene — air  mixtures  in  a  60-m-total-path- 

length  multipass  gas  cell,  employing  ethylene  partial  pressures  between 

-3  71 

7.6  X  10  and  0.27  Torr.  Perason  and  coworkers  obtained  cross  sections  of 

5.29,  38.99,  6.42,  and  1.78  cm"^  atm“^  at  the  P(12),  P(14),  P(16),  and  P(22) 

laser  lines,  respectively.  They  obtained  these  data  by  measuring  transmission 

through  a  1 .5-m-path-length  gas  cell  containing  ethylene — air  mixtures  at 

ethylene  partial  pressures  between  0.29  and  12.2  Torr. 

40 


ETHYLENE-ABSORPTION  CROSS  SECTION  (cm  "  '  atm 


Fig.  5.  Ethylene-absorption  cross  sections  versus  ethylene 
partial  pressure  in  samples  buffered  to  760-Tor r 
total  pressure  with  nitrogen. 
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Our  ethylene-absorption  cross  section  determined  at  the  lO.A-pm  band 
P(14)  laser  line  agrees  closely  with  the  corresponding  value  obtained  by 
Christy  and  Faller.^^  The  cross  sections  determined  in  this  study  at  the 
P(12),  P(14),  and  P(16)  laser  lines  fall  between  the  corresponding  values 
determined  by  Patty  et  al.^^  and  those  of  Persson  et  al.^^  Our  P(12),  P(14), 
and  P(16}  laser-line  cross  sections  are,  respectively,  4.5,  11.0,  and  3,5% 
lover  than  those  of  Persson  and  coworkers.  The  cross  section  reported  here  at 
the  P(22)  laser  line  is  9.5%  higher  than  that  determined  by  Persson  and  co¬ 
workers  but  nearly  80%  higher  than  the  value  obtained  by  Patty  and  coworkers. 

2.  PHOTOACOUSTIC  SYSTEM  RESPONSIVITY  MEASUREMENTS 

Relative  phot oacous tic  responsivlty  measurements  were  made  on  ethylene — 
nitrogen  mixtures  as  a  function  of  ethylene  concentration  with  the  CO2  laser 
photoacoustic  system  used  in  the  water  absorption  measurements.  Figure  6 
shows  the  results  for  ethylene  concentrations  between  about  30  ppm  and  10 
ppb.  A  linear  photoacoustic  response  is  observed  at  the  laser  lines  P(12), 
P(14),  P(16),  and  P(22)  for  absorption  signals  as  small  as  about 
0.4  pV  W”^.*  A  linear  least-squares  fit  to  the  relation 

log  (signal)  «  m  logCp^.^^^)  +  b 

was  performed  on  the  photoacoustic  response  data  at  each  laser  line  for 
absorption  signals  greater  than  1.0  vV  W~^ .  The  values  of  the  coefficients  m 
and  b  (and  their  corresponding  standard  deviations)  determined  in  the  fits  at 
these  laser  lines  are: 


line 

01 

b 

P(12) 

0.977 

±  0.006 

-1.872 

±  0.019 

P(14) 

0.974 

±  0.005 

-1 .018 

±  0.015 

P(16) 

0.984 

±  0.008 

-1.829 

±  0.026 

P(22) 

0.974 

*  0.005 

-2 .334 

±  0.016 

An  approximately  0.1  pV  larger  absorption  signal  in  the  sample  photo- 
acoustic  cell  compared  with  the  reference  cell  results  in  the  development  of 
curvature  below  0.4  pV  in  Fig.  6.  The  larger  absorption  signal  in  the 
sample  call  compared  with  that  of  the  reference  cell  (see  Fig.  4)  is  believed 
to  result  from  an  approximately  1%  larger  Incident  laser  intensity  on  the 
sample  cell  than  the  reference  cell. 
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Based  on  these  linear  least-squares  fit  coefficients,  the  relative 

photoacoustic  response  of  a  760-Torr  nitrogen  sample  containing  0.10-Torr 

(131.6  ppm)  ethylene  would  be  predicted  to  be:  P(12)  ■  0.145,  P(14)  -  1.000, 

P(16)  >  0.174,  and  P(22)  *  0.048.  These  relative  response  values  are  In  good 

agreement  with  the  absorption  cross-section  ratios  obtained  both 

In  this  study  and  by  Persson  and  coworkers^^  (see  Table  II).  Because  (1)  our 

measured  ethylene  cross  section  at  the  P(14)  laser  line  agrees  with  the  cross 
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section  of  Christy  and  Faller  and  Is  Intermediate  In  value  with  the 
corresponding  cross  sections  determined  by  Patty  et  al.^^  and  Persson  et 
al.,^^  and  (2)  as  observed  In  Pig.  5,  the  ethylene  cross  section  at  the  P(14) 
laser  line  Is  Independent  of  ethylene  concentration,  we  have  selected  the 
cross  section  measured  at  the  P(14)  laser  line  In  the  present  study  [Op^^v  ■ 
34.76  cm  atm  ]  to  calibrate  the  absolute  response  of  our  photoacoustic 
system.  The  absorption  coefficients  (in  units  per  centimeter)  measured  for 
water-vapor— air  mixtures  were  thus  determined  from  the  expression 

I  ...  ring  (pV  W  ^  signal)  -f  1.018  n  ,,,  „  -1 

{antilog  [■  ^  - - - X  (34.76  X  10  )  cm 

(1) 

B.  WATER-VAPOR  ABSORPTION  DATA  MEASURED  IN  THE  10. 4- up  CO;  LASER  BAND 

Water  absorption  data  were  determined  within  the  CO2  laser  10. 4- pm  band 
in  this  study  at  temperatures  of  27,  10,  and  -10*C  for  water-vapor — synthetic- 
air  mixtures  at  760*Torr  total  pressure.  Initial  measurements  were  performed 
at  27*C  on  mixtures  containing  10-Torr  water  vapor.  As  Fig.  7  demonstrates, 
our  data  are  in  generally  good  agreement  with  data  determined  under  similar 
conditions  by  Shumate  and  coworkers^^  and  by  Long  and  coworkers.^^ This 
agreement  Indicates  consistency  between  the  sample  preparation  and  mixing 
procedures  and  photoacoustic  responsivlty  calibration  techniques  used  In  this 
study  and  by  the  Shumate  and  Long  groups.*  The  date  of  Shumate  et  al.^^  have 


Abs.  Coeff. 
Water— Air  - 
Mixtures 


Shumate  and  coworkers^^  used  the  photoacoustic  technique  to  measure  water 
absorption.  As  In  the  present  study,  they  used  ethylene  to  callbrste  the 
|)hotoacoustle  responsivlty.  Long  and  coworkers measured  water 
absorption  both  by  the  photoacoustle  technique  and  by  the  loqg-path  absorption 
technique.  They  compared  these  measurements  to  establish  the  absolute 
magnitude  of  the  water  absorption  by  the  photoacoustic  technique. 
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been  corrected  in  Fig.  7  to  the  ethylene-absorption  cross  section  of 
34.76  cni“^  atm”^  determined  here  at  the  CO2  laser  10.4-ijm  band  P(14)  line. 
Shumate  et  al.  used  the  value  of  29.10  cm~^  atm~^  determined  by  Patty  et  al.^^ 
for  this  cross  section. 

The  sharp  absorption  peak  at  the  CO2  laser  10.4-ijm  band  R(20)  line  above 
the  water  continuum  in  each  spectrum  in  Fig.  7  has  been  proposed  by  McClatchey 
et  al.^^  and  Peterson^^  to  result  from  a  near-wavelength  coincidence  of  the 
R(20)  laser  line  and  a  weak  local  water-vapor  pure  rotational  transition. 

This  absorption  feature  can  be  used  as  a  convenient  calibration  peak  when 
■easurlng  the  weak  water-continuum  absorption.  Limited  measurements  were  thus 
performed  In  the  present  study  to  examine  Che  temperature  and  water-partlal- 
pressure  dependences  of  this  absorption  feature.  We  briefly  discuss  Che 
results  obtained  for  this  absorption  peak  before  we  present  results  on  the 
temperature  and  water-pressure  dependences  of  the  continuum  absorption. 

1.  WATER  ABSORPTION  PEAK  AT  THE  CO2  LASER  l0.4-pm  BAND  R(20)  LINE 

Figure  8  shows  CO2  laser  absorption  spectra  for  water— air  mixtures  con¬ 
taining  7.5-Torr  water  vapor  at  temperatures  of  27  and  10*C.  Observe  In  Fig. 

8  chat  the  absorption  feature  at  the  R(20)  laser  line  Increases  In  Intensity 
with  Increasing  temperature,  l.e.,  has  a  positive  temperature  coefficient.  A 
positive  temperature  coefficient  would  be  obtained  for  an  absorption 
transition  that  originates  from  a  thermally  populated  lower  level. 

Accordingly,  McClatchey  et  al.^^  have  suggested  that  this  transition 
originates  from  a  lower  rotational  level  with  an  energy  of  1557.8  cm~^.  As 
Illustrated  In  Fig.  9,  this  assignment  Is  consistent  with  the  magnitude  of  Che 
temperature  dependence  observed  between  18  and  35*C  In  Che  present  study  for 
Che  absorption  peak  at  the  R(20)  laser  line.  The  measurements  In  Fig.  9  were 
performed  on  mixtures  containing  10  Torr  of  water  vapor  buffered  to  760-Torr 
total  pressure  with  air.  From  Fig.  9,  It  is  observed  that,  at  a  fixed  water 
partial  pressure,  the  Intensity  of  the  absorption  feature  at  the  R(20)  laser 
line  can  be  monitored  to  verify  Independently  the  temperature  of  a  %rater — air 
mixture. 

The  water-absorption  feature  at  the  OO2  laser  lO.A-ym  band  R(20)  line  has 
been  assigned  to  a  local  water-vapor  absorption  line,  so  Its  Intensity  would 
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CO2  laser  absorption  spectra  of  water-vapor — air  mixtures  containing 
7.5-Torr  water  vapor. 


RELATIVE  ABSORPTION 
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Fig.  9>  Comparison  of  experimental  with  predicted  temperature  dependences 
of  water  absorption  peak  at  CO2  laser  10. 4- pm  band  R(20)  line, 
represents  assumed  lower-state  energy  level. 


be  expected  to  possess  a  nearly  linear  dependence  on  water  partial  pressure.* 
This  is  consistent  with  the  water-partial-pressure  dependence  shown  in  Fig.  10 
for  this  absorption  peak  in  water — air  sdatures  at  10*C.  (The  linear  photo¬ 
acoustic  response  obtained  for  water  partial  pressures  up  to  close  to  the 
9.2-Torr  saturation  vapor  pressure  for  water  at  10*C  Indicates  that  negligible 
water  adsorptive  losses  occur  on  the  photoacoustic  cell  walls  for  the  condi¬ 
tions  employed  in  this  study.)  From  Fig.  10,  it  is  observed  that,  at  a  fixed 
temperature,  the  intensity  of  the  absorption  peak  at  the  R(20)  laser  line  can 
be  used  to  monitor  the  water  partial  pressure  in  a  water — air  mixture. 

2.  WATER  ABSORPTION  AT  CO2  LASER  10.4- urn  BAND  LINES  WHERE 

CONTINUUM  CONTRIBUTIONS  DOMINATE 

a.  Temperature  Dependence 

Further  examination  of  Fig.  8  reveals  that  the  water  absorption  possesses 
a  negative  temperature  coefficient  within  the  CO2  laser  10.4-io  band  P-branch 
and  the  short-wavelength  region  of  the  R-branch,  where  absorption  contribu¬ 
tions  from  weak  local  water  lines  are  small  relative  to  continuum  contribu¬ 
tions.  To  examine  the  temperature  dependence  of  the  continuum  absorption, 
extensive  absorption  measurements  were  performed  at  various  temperatures  on 
water — air  mixtures  at  selected  water  pressures.  In  addition  to  the  measure¬ 
ments  performed  at  27  and  10*C  on  water— air  mixtures  containing  7.5-Torr 
water  vapor,  shown  in  Fig.  8,  measurements  were  performed  at  27  and  10 "C  on 
mixtures  containing  6.0-,  5.0-,  and  3.0-Torr  water  vapor.  The  data  obtained 
for  these  air  mixtures  are  plotted  in  Figs.  11,  12,  and  13,  respectively. 

Also  shown  in  Fig.  13  are  absorption  data  on  mixtures  containing  3.0-Torr 
water  vapor  at  0”C.  Data  obtained  at  -lO^C  on  stlxtures  containing  1.69-Torr 
water  vapor  are  presented  in  Fig.  14. 

These  results  show  that  the  magnitude  of  the  continuum-absorption  nega¬ 
tive  temperature  coefficient  increases  with  increasing  wster  pressure  and 
decreasing  temperature.  The  temperature  coefficients  between  27  and  10 ‘C  for 
mixtures  containing  3.0-,  5.0-,  6.0-,  and  7.S-Torr  water  vapor  are  -2.0  ±  0.4, 
-2.6  ±  0.3,  -2.8  ±  0.3,  and  -2.9  ±  0.SZ/*C,  respectively.  For  sdxtures  with 


A  pure  linear  dependence  is  observed  only  when  the  absorption  strength  of  the 
local  water  line  is  significantly  greater  than  the  absorption  strength  of  the 
underlying  water  continuum. 
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6.0-Torr  H2O  VAPOR 
BUFFERED  TO  760  Torr 


Ftg.  It.  COn  IrtSflt  {ibsotptlon  spectra  of  water-vapor— air  mixtures  containing 
6.f>-Torr  wxt**r  vapor. 


5.0-Torr  HjO  VAPOR 
BUFFERED  TO  760  Torr 
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FIr.  12.  COj  User  absorption  spectra  of  water-vapor — air  mixtures  containing 
5.0-Torr  water  vapor. 


absorption  spectra  of  water-vapor — air  mixtures  containing 
water  vapor. 


3.0-Torr  water  the  10-to-O*C  temperature  coefficient  is  -7.7  ±  0.25!/®C.  The 
27  to  10®C  temperature  coefficients  are  in  close  agreement  with  the  approx¬ 
imately  -2X/*C  value  observed  between  27  and  lOO'C.^*^*^^ 

b.  Water-Partial -Pressure  Dependence 

Work  was  also  performed  to  determine  the  functional  dependence  of  the 
water-absorption  magnitude  on  water  partial  pressure  in  wavelength  regions 
where  continuum-absorption  contributions  are  dominant.  Extensive  CO2  laser 
absorption  measurements  were  thus  performed  at  27  and  10®C  on  760-Torr  total 
pressure  air  samples  containing  a  range  of  water  pressures.  These  measure¬ 
ments  were  made  at  the  CO2  laser  10. 4- pm  band  lines  R(32)  to  R(10)  and  P(10) 
to  P(30).  The  Bieasurement  results  at  the  high-frequency  10.4-)n  band  line 
R(32)  and  the  low-frequency  line  P(28),  presented  in  Figs.  15  and  16,  respec¬ 
tively,  are  representative  of  the  results  observed  at  10.4-tmi  band  laser 
wavelengths  other  than  the  R(20)  line.  The  results  of  measurements  at  the 
10.4-pm  band  laser  lines  other  than  R(32)  and  P(28)  are  shown  in  Figs.  A-1 
through  A-21  in  the  Appendix.  Examination  of  Figs.  15  and  16  and  Figs.  A-1 
through  A-21  reveals  that,  at  those  laser  wavelengths  where  continuum- 
absorption  contributions  are  most  Important  [i.e.,  for  laser  lines  other  than 
R(20),  Fig.  A-6],  the  water  absorption  possesses  a  greater  than  linear  but 
less  than  pure  quadratic  dependence  on  water-vapor  partial  pressure.  Thus, 
the  27  and  10*C  continuum  absorption  measured  in  the  present  study  can  be 
concluded  to  possess  a  dependence  on  water-vapor  partial  pressure  that 
includes  both  linear  and  quadratic  terms.  As  indicated  above  (cf.. 

Section  II .0),  a  similar  water-vapor  partial-pressure  dependence  has  been 
observed  for  continuum  absorption  at  room  temperature  and  above. 

The  27  and  10*C  water  absorption  data  plotted  in  Figs.  15  and  16  and 
A-1  through  A-21  were  fit  to  the  relation 

ab8.(X,  T)  -  a(X,  +  b(X,  T)pJ^q 

where  abs.  (X,  T)  represents  the  water  absorption  value  measured  at  a 
particular  temperature  T  and  OO2  laser  wavelength  X;  and  Pg  ^  is  the 
water-vapor  partial  pressure  in  torr,  employed  in  the  measulements. 
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Fig.  15.  Absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air  mixtures 
versus  water  partial  pressure  at  CO7  laser  lO.A-pm  band  R(32)  line. 
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WATER-VAPOR  PARTIAL  PRESSURE  (Torr) 


The  a(A,  T)  and  b(A,  T)  coefficients  chat  correspond,  respectively,  to 
water-absorption  contributions  chat  have  linear  and  quadratic  dependences  on 
water-vapor  partial  pressure  are  listed  in  Table  III.  The  solid  lines  in 
Figs.  15  and  16  and  A-1  through  A-21  correspond  to  the  absorption  calculated 
from  these  coefficients.  These  coefficients,  along  with  their  standard 


deviations,  were  calculated  from  a  linear  least-squares  fit  of  the  abs.(X,  T) 
and  pjj  Q  data  to  the  expression 


abs.  (X,  T) 

^’h^o 


a(X,  T)  +  b(X,  T)Pjj^q 


The  linear  coefficients  a( X,  T)  and  quadratic  coefficients  b(X,  T)  obtained  at 
27  and  I0*C  are  displayed  as  a  function  of  CO2  laser  wavelength  in  Figs.  17 
and  18,  respectively.  [The  error-bar  limits  associated  with  each  a(X,  T)  or 
b(X,  T)  value  in  these  figures  are  equal  in  magnitude  to  a(X,  T)  or  b(X,  T) 
plus  or  minus  standard  deviation  in  their  values.] 

From  Fig.  17  and  Table  III,  it  is  observed  that,  throughout  the  CO2  laser 
10.4-vd  band,  the  linear  coefficients  a(X,  10*C)  are  either  the  same  as, 
within  experimental  uncertainty  of,  or  (at  a  few  laser  wavelengths)  smaller 
than  the  corresponding  a(X,  27*’C}  values.  The  latter  case  [a(X,  lO'C) 

<  a(X,  27*C)]  can  be  most  easily  observed  at  the  R(20),  R(14),  and  R(12) 
laser  lines,  where  absorption  contributions  by  thermally  populated  local  water 
lines  are  thought  to  be  important. In  contrast  to  the  near  constancy  or 
decreasing  behavior  observed  for  the  linear  coefficients  a(X,  T)  from  27  to 
10*C,  the  quadratic  coefficients  b(X,  T)  are  observed  in  Fig.  18  and  Table  III 
to  clearly  increase  throughout  the  CO2  laser  10 .4- m  band  as  the  temperature 
decreases  from  27  to  10*C.  It  is  this  increase  in  the  quadratic  coeffi¬ 
cients  b(X,  T)  with  decreasing  temperature  that  is  responsible  for  the  larger 
water  continuum  absorption  strengths  observed  at  10*C  compared  with  27 *C. 

C.  EVALUATION  OF  CONTINUUM  DATA  IN  TERMS  OF  COLLISIONAL- 

BROADENING  AND  WATER  DIMER  MODELS 

The  relative  importance  of  the  colllslonal-broadening  and  water-vapor 
aggregate  awchanisms  to  water  continuum  absorption  in  the  8-  to  12-)sb  region 


TABLE  III.  COMPARISON  AT  27*C  AND  10“ C  OF  THE  LINEAR  AND  QUADRATIC  WATER-PRESSURE  DEPENDENCES  OF 

CO,  LASER  ABSORPTION  COEFFICIENTS  FOR  760-TORR  TOTAL  PRESSURE  WATER-VAPOR~AIR^  MIXTURES 
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FtR.  17.  Comparison  of  water-pressure  linear  coefficients  as  a  function  of  laser 
waveleni^th  at  10  and  27‘’C. 
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CO2  laser  wavelength  at  10  and  27®C. 


under  different  possible  atmospheric  conditions  Is  the  subject  of  debate,  as 
Indicated  In  Section  II. D.  It  Is  recalled  that  by  the  colllslonal- broadening 
mechanism,  the  continuum  Is  attributed  to  the  self-  and  forelgn-colllslonally 
broadened  far  wings  of  the  water  absorption  lines  on  either  side  of  the  8-  to 
12-|fli  region . By  the  latter  mechanism,^® the  continuum  Is  attrib¬ 
uted  to  the  collislonally  broadened  far  wings  of  absorption  bands  that  are 
proposed  to  develop  in  the  16-  to  18  im  region  as  the  result  of  the  formation 
of  water-vapor  aggregates,  mainly  water  dimers. 

For  most  atmospheric  conditions,  the  isagnitude  of  the  continuum  absorp¬ 
tion  is  primarily  governed  by  its  water-pressure  quadratic  component.* 

Figure  19  compares  the  experimental  and  theoretically  predicted  temperature 
dependences  of  the  water-pressure  quadratic  component  of  the  8-  to  12- m  %rater 
continuum  absorption.  This  figure  Is  similar  to  Fig.  3,  except  that  Fig.  19 
also  shows  the  data  determined  In  this  study,  which  extend  the  temperature 
dependence  of  the  quadratic  component  to  -10*C.  Here,  the  water-pressure 
quadratic  component  of  the  continuum  absorption  determined  by  Montgomery^^ 
above  100*C  can  be  observed  to  possess  a  very  weak  positive  temperature 
coefficient.  The  continuum  quadratic  component  determined  by  Burch  et 
^1  6,34,55  Montgomery^^  within  the  100  to  27"C  temperature  regime,  and 
by  us  between  27  and  -lO'C,  can  be  observed  to  possess  a  strong  negative 
temperature  coe f f Ic lent . 

1 7  1ft 

As  indicated  previously,  Nordstrom  and  Thomas's  collislonal- 

broadenlng  model  accurately  predicts  the  observed  linear-  and  quadratic- term 
functional  dependences  of  continuum  absorption  on  water-vapor  partial 
pressure.  As  Fig.  19  shows,  Che  present  form  of  this  model  underestimates 
significantly  the  magnitude  of  the  measured  negative  temperature  coefficient 
for  the  water-pressure  quadratic  component  between  100  and  27*C,  but  predicts 
properly  the  observed  magnitude  of  the  weak  positive  temperature  coefficient 
above  100*C. 


From  the  linear  and  quadratic  coefficients  in  Table  III,  one  can  conclude 
that  the  quadratic  water-pressure  component  contributes  predominantly  to  the 
total  watar-vapor  absorption  coefficient  at  27  and  10 *C  for  water  pressures 
greater  than  about  3  and  2  Torr,  respectively.  For  lower  temperatures,  the 
quadratic  component  would  be  the  major  contributor  to  absorption  at  even  lower 
water  pressures. 
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The  water-vapor  dimer  model  of  Suck  et  al.,^^»^®  on  the  other  hand, 
predicts  a  pure  quadratic  water-vapor  partial  pressure  dependence  for  the 
continuum  absorption  Instead  of  the  observed  linear  and  quadratic  water- 
pressure  term  dependences.  The  water  dimer  model  is  observed  in  Fig.  19  to 
correctly  estimate  the  magnitude  of  the  negative  temperature  coefficient  for 
the  quadratic  component  between  100  and  27*’C,  but  fails  to  predict  the  weak 
positive  temperature  coefficient  observed  above  lOO'C.  Both  the  colllsional- 
broadenlng  and  water  dimer  models  can  predict  the  proper  magnitude  of  the 
quadratic  component  near  room  temperature. 

The  magnitude  of  the  negative  temperature  coefficient  for  the  quadratic 

water-pressure  component  observed  between  27  and  -10 ‘C  in  the  present  study  is 

the  same  as  that  reported  by  Burch  and  coworkers  and  Montgomery  between  100 

and  27*0.  Figure  19  shows  that  the  magnitude  of  the  negative  temperature 

coefficient  determined  by  us  between  27  and  -lO'C  is  in  very  good  agreement 

1 Q  *)C\ 

with  that  predicted  by  the  water-vapor  dimer  model  of  Suck  and  coworkers.  > 
Figure  19  further  shows  that,  in  its  present  form,  the  colllsional-broadenlng 
model  of  Nordstrom  and  Thomas  '  severely  underestimates  the  magnitude  of 
the  negative  temperature  coefficient  measured  here  between  27  and  -lO'C.  In 
our  study,  absolute  values  of  the  self-broadening  coefficients  have  been 
determined  only  at  27  and  lO’C.  Our  27*C  self-broadening  coefficient  of 
(2.53  ±  0.24)  X  10~^^  molecules"^  cm^  atm”^  is  within  experimental  uncertainty 
of  the  value  of  (2.25  ±  0.41)  x  10“^^  molecules”^  cm^  atm”^  calculated  from 
the  27’’C  data  of  Shumate  et  al.^^  [when  corrected  to  our  ethylene  P(14)  cross 
section  of  34.76  cm~^  atm“^]  and  the  value  of  (2.23  i  0.23)  x  10”^^  molecules” 
cm^  atm  *■  calculated  from  the  24  .5®C  water — nitrogen  absorption  data  of 
Peterson  et  al.^^»^^  Our  0  and  -10®C  data  in  Fig.  19  are  lower-limit  esti¬ 
mates  of  the  self-broadening  coefficients  at  these  temperatures.*  The  value 
at  0®C  was  calculated  by  multiplying  the  absolute  value  of  the  self- broadening 
coefficient  at  10*C  by  the  ave  age  ratio  of  the  absorption  coefficients  at  0®C 
to  those  at  10*C.  Similarly,  the  value  at  -10*C  was  calculated  by  multiplying 
the  10*C  self-broadening  coefficient  by  the  average  ratio  of  the  absorption 

*The  '’self-broadening”  coefficient  0^(1,  T)  and  'foreign-broadening”  coeffi¬ 
cient  Cf(X,  T)  defined  in  the  footnote  on  page  29  can  be  calculated  from  the 
linear  and  quadratic  coefficients  s(l,  T)  and  b( X,  T)  in  Table  III  through  the 
following  relations; 
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coefficients  at  -10®C  to  those  at  10“C.  The  0  to  10®C  absorption-coefficient 
ratio  was  determined  from  continuum  data  on  mixtures  containing  3.20-Torr  water 
vapor,  whereas  the  -10  to  10°C  absorption  coefficient  ratio  was  determined  from 
data  on  mixtures  containing  1.69-Torr  water  vapor. 

One  way  to  account  for  the  temperature,  pressure,  and  wavelength  depen¬ 
dences  observed  in  this  and  previous  studies  of  the  8-  to  12- im  continuum  is, 
as  suggested  by  Montgomery, to  assume  the  simultaneous  contribution  to  the 
continuum  of  water-dimer  and  collisional-broadening  mechanisms.  The  weak 
positive  temperature  dependence  observed  for  the  continuum  above  lOO'C  and  the 
negative  temperature  dependence  observed  below  100”C  are  consistent  with  a 
model  in  which  the  collisional-broadening  mechanism  contributes  more  signifi¬ 
cantly  to  the  continuum  than  the  water  dimer  mechanism  above  100°C,  but  in 
which  the  water  dimer  mechanism  begins  to  make  significant  contributions  to 
the  continuum  below  100‘C.  By  this  model  the  water  dimer  mechanism  increases 
in  Importance  with  decreasing  temperature  relative  to  the  collisional- 
broadening  mechanism. 

The  simultaneous  contribution  of  collisional-broadening  and  water  dimer 
mechanisms  to  the  water  continuum  would  account  for  the  continuum*  s  observed 
linear  and  quadratic  water-pressure  dependences.  The  increase  in  importance 
of  the  quadratic  component  from  27  to  10*C  observed  in  this  study  would  also 
be  consistent  with  an  Increasingly  important  water  dimer  contribution  to  the 
continuum  absorption  with  decreasing  temperature. 


C,(X.  T,  - 

and 

where  pg  ^  is  the  water  partial  pressure  and  P  is  the  total  pressure  in 
atmospheres,  and  %rg  q  is  the  density  of  water  vapor  in  molecules  per  cubic 
centimeter.  The  C^^values  shown  at  27,  10,  0,  and  -10*C  in  Fig.  19  were 
calculated  from  averages  of  C-(X,  T)  data  determined  within  the  laser 
10.4-)b  band  P-branch,  where  local  water  absorption  line  contributions  are 
negligible. 
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Further,  the  Increase  In  the  water-pressure  quadratic  coefficient  between 

27  and  10‘C  and  the  magnitude  of  the  negative  temperature  coefficient  below 

27'’C  observed  in  this  study  are  necessary  (but  not  sufficient)  requirements 

for  a  model  in  which  the  water  dimer  mechanism  is  more  Important  at  and  below 

room  temperature  than  a  collisional-broadenlng  mechanism.  Because  the  inter- 

molecular  vibrational  absorption  bands  of  the  water  dimer  are  proposed  to  be 

located  in  the  16- im  region,  a  continuum  model  that  assumes  the  simultaneous 

contribution  of  water-dimer  and  collisional-broadenlng  mechanisms  would  also 

be  consistent  with  the  observed  increase  in  the  water  continuum  absorption 

coefficient  with  increasing  wavelength.  This  effect  Is  predicted  by  this 

model  to  become  more  Important  with  increasing  water  pressure  as  has  also  been 

observed.  Proponents  of  the  collisional-broadenlng  mechanism  of  continuum 
58  17  18 

absorption,  •  •  on  the  other  hand,  have  suggested  that,  with  improved 

modeling  of  the  H2O — H2O  colllslonal  interaction  potentials  and  the  use  of 
more  exact  colllslonal  scattering  theory,  it  may  be  ultimately  possible  to 
account  for  the  temperature,  pressure,  and  wavelength  dependences  of  the  con¬ 
tinuum  by  the  collisional-broadenlng  mechanism  alone. 

Definitive  experimental  Information  is  still  needed  on  the  wavelength 

positions,  intensities,  and  collision-broadened  contours  of  the  various 

Intermolecular  vibrational-rotational  bands  of  the  water  dimer  in  the  vapor 

phase  to  resolve  absolutely  the  question  of  whether  the  8-  to  12- pm  water 

continuum  would  be  most  correctly  described  by  a  collisional-broadenlng 

mechanism  in  combination  with  a  water  dimer  mechanism  or  by  a  collisional- 

broadenlng  mechanism  alone.  Direct  absorption  measurements  of  the 

vibrational-rotational  lines  of  the  water  dimer  in  the  vapor  phase  have  not 

20 

been  performed  to  date,  because  of  the  difficulty  In  spectroscopically 
distinguishing  the  dimer  absorption  lines  from  water  monomer  pure  rotational 
lines  in  water — air  mixtures,  in  which  the  monomer  concentration  is  greater 

1 Q  on 

than  the  dimer  concentration  by  three  or  more  orders  of  magnitude.  ' 

Collisional-broadenlng  continuum  models  »»  treat  only  the  collision- 
broadened  shapes  of  absorption  lines  that  already  exist  in  the  water  monomer. 
Thus,  collisional-broadenlng  models  of  the  water  continuum  based  on  even  very 
accurate  molecular  collision  theory  would  not  be  able  to  account  for  absorp¬ 
tion  contributions  to  the  water  continuum  resulting  from  the  development  of 
intermolecular  vibrational  modes  in  an  H2O — H2O  collision  complex.  New 
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Infrared  absorption  bands  of  this  type  might  be  expected  for  collision 
complexes  with  lifetimes  of  greater  than  even  a  few  vibrational  periods 
(>  10  sec).  These  bands  would  develop  as  the  result  of  the  loss  of  trans¬ 
lational  and  rotational  degrees  of  freedom  by  the  water  molecules  forming  the 
complex . 

Although  direct  absorption  measurements  on  the  water  dimer's  intermolec- 

ular  vibrational  absorption  bands  have  not  been  performed  in  the  vapor  phase, 
74 

Bentwood  et  al .  have  examined  such  bands  in  low-temperature  matrices  by 

matrix  Isolation  vibrational  spectroscopy.  The  water  dimer  out-of-plane 

bending  Intermolecular  vibrational  band  (the  high-frequency  tall  of  which  was 

19  20 

proposed  by  Suck  et  al.  '  to  be  responsible  for  the  water  continuum  in  the 
8-  to  12- im  region)  was  found  by  Bentwood  and  coworkers  to  be  centered  near 
19  pm  in  a  nitrogen  matrix  at  20  K.  The  wavelength  of  this  band  is  thus  close 
to  the  vapor-phase  position  of  between  16  and  18  in  predicted  by  Suck  and 
coworkers.  Evidence  for  the  existence  of  water  dimers  in  water-vapor — air 
mixtures  comes  from  the  observation  by  Gebble  and  coworkers^^  of  water  dimer 
rotational-absorption  features  in  the  submilllmeter-wavelength  region.  They 
showed  that  the  integrated  intensities  of  these  water  dimer  rotational  absorp¬ 
tion  features  had  a  temperature  dependence  that  indicated  a  dimer  interaction 
energy  of  -6  ±  3  kcal/mol  and  a  quadratic  dependence  on  water  pressure.  On 
the  basis  of  the  spectrometer-limited  linewldth  observed  for  the  strongest 
rotational  feature  of  the  water  dimer,  Gebble  et  al.  concluded  that  the  dimer 
is  stable  in  the  vapor  phase  and  calculated  its  lower-limit  lifetime  to 
be  ~10”^^  sec. 

The  average  thermal  energy  available  at  27"C  is  about  0.6  kcal/mol. 

Given  the  strong  (~  -5  kcal/mol)  hydrogen-bond  interaction  energy  that  is 
known  to  exist  between  water  molecules  in  solid,  liquid,  and  vapor  phases, 
thermodynamic  considerations  would  also  predict,  as  observed  by  Gebble  et  al.. 
that  long-lived  (>  10  sec)  B2O — B2O  collision  complexes  are  formed  in 
water — air  mixtures.  The  oscillator  strengths  of  the  water  dimer  intermolec¬ 
ular  vibrational  absorption  bands  and  the  magnitude  of  the  vapor-phase  water 

19  20 

dimer  concentration  calculated  by  Suck  et  al.  *  also  appear  reasonable,  so 
it  seems  likely  that  water  dimer  species  contribute  significantly  to  continuum 
absorption  at  and  below  room  temperature. 


In  view  of  these  considerations  and  the  temperature  and  water-pressure 
dependences  of  the  continuum  observed  below  room  temperature  In  this  study,  we 
believe  that  the  8-  to  12- vn  water  continuum  would  best  be  modeled  by  the 
simultaneous  operation  of  collislonal-broadening  and  water  dimer  mechanisms. 


V.  CONCLUSIONS 


Temperature  and  water-vapor  partial  pressure  dependences  have  been  mea¬ 
sured  for  the  water-vapor  pure  rotational  transition  superimposed  on  the  water 
continuum  at  the  CO2  laser  10.4-pni  band  R(20)  line.  The  temperature  depen¬ 
dence  observed  for  this  sharp  water-vapor  absorption  feature  is  consistent 
with  assignments  made  by  McClatchey  et  al.  for  the  energy  of  the  originating 
state  of  this  transition.  It  is  concluded  that  the  intensity  of  this  absorp¬ 
tion  feature  can  be  used  to  verify  the  temperature  or  water  partial  pressure 
during  measurements  of  weak  water-vapor  continuum  absorption. 

Throughout  the  CO2  laser  lO.A-pni  band,  the  water-vapor  continuum  absorp¬ 
tion  was  found  to  have  a  functional  dependence  on  temperature  between  27  and 
-ICC  that  is  similar  to  that  observed  between  100  and  27®C  by  previous  work¬ 
ers.  The  negative  temperature  coefficient  observed  for  the  water  continuum 
absorption  between  27  and  -10°C  was  determined  to  be  more  consistent  with  the 
predicted  temperature  dependence  of  a  continuum  absorption  water-vapor  dimer 
model  than  that  of  a  recently  developed  colllsonal-broadening  continuum 
model. 

We  feel  that  the  temperature,  pressure,  and  wavelength  dependences 
observed  for  the  8-  to  12-um  continuum  in  this  study  and  in  previous  studies 
(reviewed  in  Section  11.0)  would  be  most  correctly  modeled  by  the  simultaneous 
contributions  to  the  continuum  of  water-dimer  and  collisional-broadenlng  mech¬ 
anisms.  The  temperature  dependence  observed  in  this  study  between  27  and 
-10®C  and  the  Increase  in  the  water-pressure  quadratic  coefficient  observed 
between  27  and  10 "C  are  consistent  with  the  water  dimer  mechanism  being  more 
Important  than  the  collisional-broadenlng  mechanisms  at  room  temperature  and 
below.  « 
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APPENDIX 


FIGURES  A-1  THROUGH  A-21 


The  following  figures  show  the  dependence  of  the  water  absorption 
coefficient  on  water  partial  pressure  for  various  CO2  laser  10.4-yni  band 
lines.  Similar  plots  for  the  R(32)  and  P(28)  laser  lines  appear  In  the  text 
(Figs.  15  and  16).  The  solid  lines  In  Figs.  A-1  through  A-21  correspond  to 
the  absorption  calculated  from  the  a(l,  T)  and  b(X,  T)  coefficients,  which 
were  determined  from  a  linear  least-squares  fit  of  the  abs.  (X,  T)  and 

p  data  to  the  expression 

“2^ 


Fig.  A-1.  Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  COj  laser  10.4-piii  band  R(30)  line. 
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Fig.  A-3.  Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  CO^  laser  10.4-|im  band  R(26)  line. 
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mixtures  on  water  partial  pressure  at  CO^  laser  10.4-pm  band  R(20)  line 


A-7.  Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  COj  laser  10.4-)im  band  R(18)  line. 
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Fig.  A-8.  Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  CO^  laser  10.4-)im  band  R(16)  line. 


Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  COj  laser  10.4-um  band  R(14)  line. 
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Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor- 
mlxturcs  on  water  partial  pressure  at  CO^  laser  band  P(12)  line. 
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WATER-VAPOR  PARTIAL  PRESSURE  (Torr) 


1r*  A-15.  Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  COo  laser  10.4-gm  band  P(16)  line. 
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Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  COo  laser  10.4-pni  band  P(20)  line. 
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FIr.  A-18.  Dependence  of  absorption  coefficients  of  760-Torr  total  pressure  water-vapor — air 
mixtures  on  water  partial  pressure  at  CO^  laser  lO.A-pm  band  P(22)  line. 


mixtures  on  water  partial  pressure  at  COo  laser  10.4-uni  band  P(24)  line 
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